
PM3006484465 


Source: https://www.industrydocuments.ucsf.edu/docs/mhxj0001 


















PM3006484466 


Source: https://www.industrydocuments.ucsf.edu/docs/mhxj0001 





































This bouk '.viLS developed by. cxpei lvi willi hiickgroujid, traiuing, and.e.vpcriencc 
in ex[K5sure as-sessntem and inaiuigcmcat, workirig with, irdonnation and, condi- 
: tioris .existing at the lime of pnbLicatiOLi. The Ameiican Indiisirial liygieuc 
.iAswjciafioii td-lHA'), dX pablislicn and the authors have lieen diligcat in ensuriag 
■- that the material and methods addressed in this book rei leef prevailmg dccupa- 
tiontil beaUh and. safcLy and indnsirial iiygicne practices. ft is possible; however, 
'That cenain procedures discussed vviJV require inoJilrcation because of clianEruig 
federal, .stare,'and local regulations, or herefofoi'c unknown developments in 
■y.reseai'ch.' .i 

AlHA and die authors diaclaim any liability, loss, or risk resulting dirocily dr 
indirectly from ’.tse of the ptracuces iuid'or theories distnissed in this book. 
Moreover, it is the reader’.s responsibdit\' to slay iiifonmcd of atiy changing feder¬ 
al, state, or local reguiativins lhat iiilghL affect the material contained hercm. and 
' the policies adopted specifically in tltoTeader's workplace. 

Specific mention of rpanufacturers and products Lti this book does not represent 
iui endorsement bv .AlFLA. 


Copyright 1998 by the American Industrial Hygiene Association. All rights reserved. 
No part of this publication may be reproduced in any form or by any other means — 
graphic, electronic, or mechanical, including photocopying, taping, or information storage 
or retrieval systems — without prior written consent of the publisher. 

ISBN 0-932627-86-2 

AIHA Press 

American Industrial Hygiene Association 
2700 Prosperity Avenue, Suite 250 
Fairfax, VA 22031 

Tel.: (703) 849-8888 
Fax: (703) 207-3561 
http://www.aiha.org 
e-mail: infonet@aiha.org. 

Stock No. 327-EA-98 


PM30064^44^7 

Source: https://www.industrydocuments.ucsf.edu/docs/mhxj0001 























Figures and Tables Used in this Book...iv 

Contributors.*.™ 

Foreword and Acknowledgments...-....ix 

Preface...-. 

Introduction . 

Start; Establishing the Exposure Assessment Strategy.15 

Basic Characterization and Infonnation Gathering...23 

Exposure Assessment: Establishing Similar Exposure Groups.41 

Exposure Assessment: Defining and Judging Exposure Profiles.59 

Further Information Gathering.89 

Quantitative Exposure Data: Interpretation, Decision Making, 

and Statistical Tools.*.....*• ^2 

Health Hazard Control. 1 

Reassessment...1 

Communications and Record Keeping.l73 

Conclusion: Exposures Occur Whether We’re There or Not.183 

Appendices 

Estimating Airborne Frxposure with Physical-Chemical Models.187 

Dermal Exposure Assessments...—.,. 211 

Uncertainty Analysis.227 

Descriptive Statistics...235 

Probability Plotting and Measures of Goodness-of-Fit.241 

Examining the Arithmetic Mean: Mean Estimates and 

Confidence Intervals.251 

Examining the Upper Tail of an Exposure Profile; Tolerance Limits and 

Exceedance Tests.265 

Distribution-Free Tolerance Limits...281 

Analysis of Variance for Refining Similar Exposure Groups ..287 

Control Chart Analysis.205 

Bibliography.211 

Glossary.. 231 

. Instructions: Industrial Hygiene Statistics Spreadsheet.345 


American industrial Hygiene Association 



PM3006484468 


Source: https://www.industrydocuments.ucsf.edu/docs/mhxj0001 


































































American Industrial Hygiene Association 

2700 Prosperity Avc,, Suite 250 
Fairfax, Va 22031 
(703) 849-8888 
(703) 207-3561 fax 
Internet: infonet@aiha.org 
www.aiha.org 
Stock No.: 327-EA-98 



PM3006484469 


Source: https://www.industrydocuments.ucsf.edu/docs/mhxj0001 




PM30064844 


178 


A. L. kOWBOIHAM ET AL 


Miniilry AjirttMlJure, Ei5hf^rit-*5 ar^tj ItKxj. 19^4. The Uiiihif iJivt; Tinciiirg ihc /JCts 
fVmrf Si;ivpill,infi.‘klt>rm.itiiin SElwl N(i. 10. Lcmdtio; MAEF. 

Minisiry of Agjiculluio, Fishciics and food l«95 Muhi-elemenl Malytis oi mlaut toads. FomI 
Surveillance Infutmatitm Sheet No. 52. Urralon; MAFF. 

Ministry of Asricullure. fisheries arul Food. 1995. ,Wu/n-e/etnerd n/rn/.i.it hmil,-forioiv-up 

survey, forxl Surveillanee Information Sheet Nu. 91. lontlon: MAFF. 

Ministry irl Agor ulture, Fisheries anrl FikxI. 1997. m4 foul ilioi slirdy. Metals and other c/micnfs 
Food StirvelJIaiKe Infarmalitin Sheet No. 131. london: MAf F. 

National kcscatch aairu il. 1989. Kefijrj>/m'rHft.</d/eiary j/tavante, lOlh ed Wdshiitjjtrm, DC: Naiional 
Academy tjf Scicnees, National Academy Press. 

Pa|jp, I F. 1994- Chrom/um life cycle study Infrirmation Circular 9411, U.S. Bureau of Mines. 
Washington, DC: 11.11. Department of tnterirrr. 

Pauslenbach. 0. |., Rinehart, W- E., and Sheehan. P. I, 1991. The health hac.rrds (lostvl try cKtomium- 
contaminated soils in residential and industrial areas: CorKlusions of an exixtrl jianel ffeeuf 
rosrcof.Pharmafcd. 13:195-222. 

Pauslenbach. D.Sheehan. P.Wisser, 1. M., and Finley, B. 1.1992. Review uf the allergic con- 
tact detmaiitis hazard posed by chrcKniunMrontaminaled soit: Identifying a 'safe" ctmccnlraiion 
I Todcol. Lnviion. Health f7A?7-2(l?. 

Pauslenhach, D, \ . Flays, S. M„ Brcin, B. A., Dodge, D. G., .iikI Kurget. B. D. 1996. Dliserv.riions of 
the steady slate in htinrf and urine following human ingestion of hexav.ilum r htomium in rliiiitiiiu 
water, f. Toxicol. Environ. E/ea/th 49:453-451. 

Physaiia Consultant Ecologists. 1994. Chromiurn emissions from the Uday Nook Pfatn: An ecological 
assessment. Cleveland; British Chrome & Chemicals. 

Roy, M„ and Courtay, C. 1991. Daily activities and breathing patamclcrs for use in respiratory tr.rci 
dosimetry. Radtai. Proi. Dosim. 35.179-185. 

Salway, A. C.. Eggleston, II. S., GtxxlwinJ, W, L., and Murrells, T. P. 199/. UK emissions of air/xi/- 
luiaots (970-/99.5. A reptjil of the National Atmospheric Emissions Inveniofy. Eonrfon: l^epart- 
ment of the Environment, Transport and the Regions, 

Smith, C. I.. Livingsinnn, S. 0., and Doolittle, 13 ), 1997. A inlemalion.tl literature survey of '[ARC 
group I carcirtogens’' rc|x>rted in mainstream cigatellc smoke. Food Chrm frisicol. I5:i iU7- 
113 ( 1 . 

Smith, S., Peterson, P.and Kwan, K. H. M. 1989. Chrrrmium accumulation, Itanspori .rrid toxicity 
in plant. Toxrco/. Environ. Chem, 24:241-251. 

Snow. C. 1992. Metal carcinogenesis; Mechanistic implications. Phaimacol. fhet. 53:31-65, 

Sioarns, O. M., and Wctlerhahn, K. F, 1994, Reaction of Cr(VI) wllh ascorbate prrxioccs chfomiumtVJ, 
chromininflV), and carhon.based radicals. Chem. Res. Toxicol. 7:219-23(1. 

Streams. E). M., Beihruno. |. f., and Wetlerhabn, K. £. 1995a. A prediction of chromiumfilIJ accumula¬ 
tion in humans from chromium dietary supplements. FAS fill. 9:1650-1657. 

Stearns. D. M., Kennedy, 1.Courtney, K. D., Ciangrandc, P. FI., Pheiffer, L. 5.. and Wetirrluhn, 
K. E, 19951). Reduction of chromiumfVlf by ascorbate leads to chromium-DNA binding and 
DNA strand breaks rn vitro. Biochemistry 34:910-919. 

von Burg, R-, and Iru, p. 1993. Chromium and hexavalent chromium. /. Ajt/il. Toxietd. 13:225-230. 

World Health Organiaaiion, 1996. Cuidelines For drinking water quality. Inlernalional Programme on 
Chemical Safety, Health Criteria, 2. Ceoeva: WHO. 

Wtifld Health Organiaatioo. 1997. Air quality guidelines for tumpe. EuroiKian Series No. 2 1 Coocn- 
hagon: WHO. 


Joun») DfToMCQlosy iind EnvironmcMal Health. P«ri 6, 32(XK) 
Cc^yti(hiO 2Q(K)Taylor £ I'runcrf 
]093-7<tO4.H0S(2 0O> OQ 


THE PRACTICE OF EXPOSURE ASSESSMENT: 

A STATE-OF-THE-ART REVIEW 

Dennis ). Paustenbach 
Exponent, Inc., Menlo Park, California, USA 

Each of us encoorjters hutidreds of toxic agerrrs everyday, witfiout exposure and subset 
quent abxrsrptron (uptake} however, there is rto risk ofittjury. Thus, exposure assessment 
fs one of the three fegs of the sfoo/ {»iong with toxiaty Assessment and dose-response 
asiessment) upon which the practice of rtik assessnient rests. The held of exposure 
assessment has evolved out of at hast 3 other disciplines over the past 50 years, includ' 
ing health physics, industrial hygiene, and epidemiology. Exposure assessments art a 
necessary component to undersianding the hazard posed by exposure to naturally ie.g., 
aflatoxins in foods, radon tn atet and nonnaturally occurring toxicants (e g., t>emene *n 
groundwater, MTBC in air, and food additivesl. 7hh artiile preseuis a Ururuugh review of 
the field, inciuding a di'scussfon of the terminology used in exposure assessment, a tie 
scriptfon of tow tn quant/tafively eshmate <Jos^ (or the major unifces of exposure (food, 
water, air, and sail), and many of (/le best sources of information, in addition, techniques 
for assessing both variability and unzertainty are presented. Lessons learned aver the past 
twenty years are emphasized. Some example calculations are included, nearly 400 tefer- 
ences ate atsd, and a glossary of terms is provided. 

Health risk assessment is the process wherein toxicology daia from ani¬ 
mat studies and htiman epidemiology are evaluated, a mathematical formu¬ 
la is applied to predict the response at low doses, and then information 
about the degree of exposure is used to predict quantitatively the likelihood 
that a particular adverse response will be seen in a specific human popu¬ 
lation (National Academy of Sciences [NAS], 1983; Paustenbach, 1995). 
More simply, risk assessment is a process by which scientists evaluate the 
potential for adverse health effects from exposure to naturally occurring or 
synthetic agents (Society of Toxicology [50T1, 2000). Regulatory agencies 
have used the risk assessment process for nearly 50 years, most notably 
the U.S. Food and Drug Administration (U.S. FDA) (Lehmann & Fitzhttgh, 

1954). However, the difference between assessments performed in the 
1950s and 1960s and those performed in the 1980s and 1990s is that dose- 
extrapolation models, quantitative exposure assessments, and quantitative 
descriptions of uncertainty have been added to the process (Center for Risk 
Analysis, 1994). Because of increased understanding of many relevant 
issues, the availability of desktop computers, and better quantitative 
methods for predicting (he low-dose response (such as physiologically based 

Kepriniod with permission from Principles and Methods of Toxicology, Fourth Editfort [ZOOM 
A. Wallace i fayes (Ed,). Philadelphia: Taylor and francis. 
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pharmacokineiic dPBPK] models), risk assessments conducted today pro¬ 
vide more atcurate risk estimates than in lire past (Pauslenbach, 1995). 

Since 1980, most environmental regulations and some occupational 
health standards have, at least in part, heen based on health risk assess¬ 
ments (EPA, 1998; Carnegie Commission, 1993). They include standards for 
pesticide residues in crops, drinking water, ambient air, and food additives, 
as well as exposure limits for chemicals found in indoor air, consumer 
products, and other media. Risk managers increasingly rely on risk assess¬ 
ment to decide whether a broad array of risks are significant or trivial: an 
important task since, for example, more than 400 of (he about 2000 chemi¬ 
cals routinely used in industry have been labeled carcinogens in various 
animal studies (National Research Council, 1989, 1994). In theory, the 
results of risk assessments in the United States should influence virtually all 
regulatory decisions involving so-called "toxic agents" (National Research 
Council, 1996; Presidential/Congressional Comniission on Risk Assessment 
and Risk Management fCRAMi, 1097a, 1997b). 

The risk assessment process has four parts; hazard identification, 
dose-response assessment, exposure assessment, and risk characterization 
(National Research Council, 1989). Although progress has been made over 
the past 20 years in how to conduct and interpret toxicology and epidemi¬ 
ology studies (e.g., hazard identification), and scientists believe that they 
are doing a better job of dose-response extrapolation than in the past, most 
significant advances in the risk assessment process have occurred in the 
field of exposure assessment (Wallace, 1998), 

in recent years, an increasing number of environmental scientists 
have embraced the view that "toxicology data are important, hut they do 
not mean much without quantitative information about human exposure." 
For this reason, each year since about 1990, the toxicology community 
has shown increasing interest in understanding the exposure assessment 
field (Otl, 1995b; Ott & Roberts, 1998). Fortunately, a significant amount 
of research has been conducted to identify better values for many expo¬ 
sure parameters, and major improvements have heen made in applying 
these exposure factors to various scenarios. This article is intended to 
familiarize toxicologists, risk assessors, and others with this evolving field. 

BASIC CONCEPTS 

Description of Exposure Assessment 

Exposure assessment is the step in the risk assessment process that quan¬ 
tifies the upiake of an agent resulting from contact with various environ¬ 
mental media (e.g., air, water, soil, rood) (Paustenbach, 1995; U.S. EPA, 
1992a; ATSDR, 1995). Exposure assessments can address past, current, or 
future anticipated exposures, although uncertainties can become significant 
when attempting to anticipate what might happen or estimate what hap¬ 
pened long ago (Stewart & Herrick, 1991; Ripple, 1992; Pauslenbach el al., 
1991b, 1992b; Georgopoulos & Lioy, 1994; Duan & Mage, 1997). 


tsi 


Exposure assessment in various forms dates back at least to the early 
twentieth century, and perhaps earlier, particularly in the fields of epidemi¬ 
ology (Eisenbud, 1978, Lynch, 1985), industrial hygiene (McCord, 1943; 
Paustenbach, 1990), and health physics (Upton, 1988). Epidemiology is 
the study of disease occurrence and the causes of disease. Exposure 
assessment combines elements of industrial hygiene, radiological health, 
and air pollution and relies upon aspects of statistics, biochemical toxi¬ 
cology, large-animal toxicology, atmospheric sciences, analytical chem¬ 
istry, food sciences, physiology, environmental modeling, and others (U.S. 
EPA, 1992c). 

Fundamentally, an exposure assessment describes the nature and size 
of the various populations exposed to a chemical agent and the magni¬ 
tude and duration of their exposures (U.S. EPA, 1988, 1996c). it deter¬ 
mines the degree of contact a person has with a chemical and estimates 
the magnitude of the absorbed dose (Committee on Advances in Assess¬ 
ing Human Exposure to Airborne Toxicants, 1991). Several factors need 
to be considered when estimating the absorbed dose, including exposure 
duration, exposure route, chemical bioavailability from the contaminated 
media (e.g., soil), and, sometimes, the unique characteristics of the ex¬ 
posed population (e.g., hairless mice absorb a greater percent of chemi¬ 
cal than other mice). By definition, "duration" is the period of time over 
which the person is exposed. 

Knowletige of the chemical concentration in an environmental medium 
is essential to determine the magnitude of the absorbed dose. This infor¬ 
mation is usually obtained by analytical measurements of samples of the 
contaminated medium (air, water, soil, sediment, food, or dust). Estimates 
can also be made using mathematical models, such as models relating air 
concentrations at various distances from a point of release (e.g., a smoke 
stack) to factors including release rate, weather conditions, distance, and 
stability of the agent (Zannetti, 1992; Scott et al., 1997a). Needless to say, 
a significant number of factors need to be considered to quantitatively 
evaluate a typical contaminated site (Figure 1). 

In general, since about 1995, our ability to perform exposure assess¬ 
ments has matured to a degree that they wit! usually possess less uncer¬ 
tainty than other steps in the risk assessment. Admittedly, many factors 
should be considered when estimating exposure; for example, it is a enm- 
plicaled procedure to understand the transport and distribution of a chem¬ 
ical that has t»een released into the environment. Nonetheless, available 
data indicate that scientists can now do an adequate job of quantifying 
Lhemical concentrations in various media, and the resulting uptake by ex¬ 
posed peisons, if they account for the majority of factors that should be 
considered (feustenbach et a!., 1997c). For those who wish to question this 
assertion, consider our level of confidence that animal bioassays which 
label a chemical a possible human carcinogen even though tumors were 
observed in a mouse liver only at the maximum tolerated dose (MTD). 
Similarly, consider our confidence in dose-extrapolation when three equally 
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FICiiREl. Exposure pathways. 

valid models yield risk estimates that are lOOO-foid different at a typical 
environmental dose? 

The primary routes of hupian exposure to chemicals irr the ambient envi¬ 
ronment are dust and vapor inhalation, derpial contact with contaminated 
soils or dusts, and ingestion of contaminated food, water, dust, or soil, (n the 
workplace, the predominant exposure route usually is inhalation, followed 
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by dermal uptake and, to a lesser extent, dust ingestion due to hand-to- 
mouth contact (Paustenbach et ah, 1999). Uncertainty in environmental 
exposure assessment is usally less than in an occupational exposure assess¬ 
ment, In many workplaces, there can be large fluctuatiorrs in airborne con¬ 
centrations, a significant difference in work practices of different persons, 
and there is real difficulty in measuring dermal uptake and incidental inges¬ 
tion (Paustenbach, 1990; Paustenbach et al., 1986; jayjock et al., 2000). 

Scientists in the field of radiological health were the first to quantita¬ 
tively estimate human uptake of environmental contaminants (Romney et 
al., 1963); health physics publications can be a source of valuable infor¬ 
mation when conducting assessments of chemical contaminants (Baes et 
a|., 1984)- This work, which was conducted after World War II, provided 
numerous methodologies for estimating human uptake of environmental 
contaminants. These have been refined over the past decade (McKone & 
Bogerr, 1991; Pries & Paustenbach, 1990; IL5I, 1998). The availability of 
information on the degree of exposure associated with various scenarios 
has increased dramatically over the past 15 years, as evidenced fay the 
size of the recent EPA Exposure factors Hanabook, a four-volume docu¬ 
ment containing nearly 1000 pages of information on exposure assessment 
(U.S. EPA, 1996c, 1996d, 1996e, 1997b). 

The practice of exposure assessment, at least for regulatory purposes, has 
changed over time. For example, beginning in the late 1970s, regulatory 
policy in the United States encouraged or mandated the use of conservative 
approaches when conducting exposure assessments. This was codified in 
the U.S. EPA original document entitled Risk Assessment Guidance for 
Superfund, called RAGS (U.S. EPA, 1969). At that time, standardization of 
exposure assessments used to satisfy regulatory agencies was considered 
prudent because it guaranteed that risks would not be underestimated in 
order to ensure protection of public health. Beginning about 1985, concern 
evolved that repeated use of conservative exposure factor assumptions 
was producing unrealistically high estimates of exposure (Paustenbach, 
i989a; Paustenbach et al., 1986; Nichols & Zeckhauser, 1988; Maxim, 
1989; Cullen, 1994) and that the cost of achieving the recommended clean¬ 
up levels was becoming enormous. Ihus, to improve the accuracy of many 
of the factors used ip these assessments, a significant amount of new' re¬ 
search was initiated. 

Around 1990, risk assessors learned how to apply Monte Carlo tech¬ 
niques to evaluate both typical and highly exposed persons. Application of 
Monte Carlo techniques to exposure assessment has dramatically improved 
our understanding of the certainty of our estimates, and has decreased 
the problems associated with the repeated use of conservative assump¬ 
tions, thereby altering the field permanently (Thompson & Burmaster, 1991; 
Thompson et al., 1992; Finley & Paustenbach, 1994; Burmaster & Harris, 
1993). The U.S. ERA and other agencies have now embraced this approach, 
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which is well described in the recent documcnl called RAGS3A (a process 
for conducting probabilistic risk assessment} (U.S- EPA, ISgSb), 

What is Exposure? 

Because there has been no agreed-upon definition of where or when 
exposure takes place, terminology used in published exjwsure assessment 
literature has been inconsistent. Although (here is reasonable agreement that 
human exposure means contact with the chemical or the agent (U.S. EPA, 
1989, 1992a; Mlaby, 1983), there has not yet been widespread agreement 
as to whether this means contact with (1) the visible exterior of the person 
(e.g., an aluminum strip touches the skin but can't be absorbed), or (2) the 
so-called exchange boundaries where absorption takes place (skin, lungs, 
gastrointestinal tract) (U.S. EPA, 1992c). The differing definitions have led to 
sorne ambiguity in the use of terms and units for quantifying exposure 

Some scientists find it helpful to think of the human body as having a 
hypothetical outer boundary that separates the inside of the body from 
the outside (U.S. EPA, 1992cl. The outer boundary of the body consists of 
the skin and openings into the body, such as the mouth, nostrils, or punc¬ 
tures and lesions in the skin. In most exposure assessments, chemical ex¬ 
posure is defined as contact of the chemical with some part of this bound¬ 
ary. An exposure assessment is the quantitative or qualitative evaluation 
of that contact. It describes the intensity, frequency, and duration of con¬ 
tact, the route of the chemical across the boundary (exposure route, e.g., 
dermal, oral, or respiratory), the resulting amount of chemical actually 
crossing the boundary (dose), and the amount of chemical absorbed 
(internal dose) (U.S. EPA, 1992a; Leung & ftustenbach, 1994). These cat¬ 
egories can be further refined as described below; however, a very work¬ 
able quantitative definition of exposure is to think of it as "the product of 
(concentration!, (time), and (duration), or rate of transport of toxicant (mg/ 
cm^-min)" (Jayjock et al., 2000). 

Depending on the purpose of the exposure assessment, the numerical 
output of these analyses may be an estimate of either exposure or dose. If 
an exposure assessment is being done as part of a risk assessment in sup¬ 
port of an epidemiologic study, for example, sometimes only qualitative 
exposure levels are all that can be provided. In these situations, categories 
like low-, medium-, and high-level exposure may be used. In contrast, most 
assessments of environmental or occupational exposure conducted in 
recent years attempt to quantitatively predict the absorbed dose (mg/kg-d) 
and, occasionally, the circulating blood level or the concentration of the 
toxicant in the target organ (Paustenbach et al., 1988; Reitz et al., 1996). 

Concepts of Exposure, Intake, Uptake, and Dose 

The process of a chemical entering the body can he described in two 
steps—contact (exposure), followed by actual entry (crossing the bound¬ 
ary). Absorption, either upon crossing the boundary or subsequently, leads 
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to the availability of an amount of chemical to biologically significant 
sites within the body (target tissue dose). Although the description of con¬ 
tact with the outer boundary is simple conceptually (e.g., mg benzene/ 
cm’ skin), estimating the degree to which a chemical crosses lliis bound¬ 
ary is somewhat more complex. 

In the early 199[)s, some scientists described the transport of chemi¬ 
cals info the body as involving two separate steps; intake and uptake. 
Intake involved physically moving the chemical in question through an 
opening in the outer boundary (usually the mouth or nose), typically via 
inhalation, eating, or drinking. Normally, the chemical was contained in 
a medium such as air, food, water, or dust/soil. Here, the key question 
was the mass inhaled or ingested. Uptake, in contrast to intake, involved 
absorption of the chemical through the skin or across other barriers. 

Today, most persons lend to lump intake and uptake together, simply 
calling the amount of chemical entering the body "uptake." In some cases, 
chemicals are absorbed completely, so systemic absorption (uptake) is the 
same as that eaten or in contact with the skin (intake). In other cases, the 
chemical is often contained in a carrier medium, and the medium itself 
typically is not absorbed at the same rate as the "contaminant of interest," 
so estimates of the amount of chemical crossing the boundary cannot be 
made directly. For example, benzene on the surface of a contaminated 
soli particle will move quickly through the skin, but benzene in the cen¬ 
ter of the soil particle may never completely reach the surface, and there¬ 
fore it is not hioavaitable and will not enter the bloodstream. Of course, 
for many inorganic chemicals like arsenic or lead in soil, oral and dermal 
bioavailabilily can be very low since the chemical is bound to the inter¬ 
stices of the soil particle and, therefore, uptake is very low. In short, if a 
chemical cannot be released from a media, it has no bioavailafaility and, 
consequently, since there is no uptake the chemical does not pose a risk. 

Dermal absorption is an example of direct uptake across the outer 
boundary of the body. A chemical uptake rate is the amount of chemical 
absorbed per unit of time. In this process, mass transfer occurs by diffusion, 
so uptake will depend on the concentration gradient across the boundary, 
permeability of the barrier, and other factors (Leung & Paustenbach, 1994; 
McDougal et al., 1990; McKone, 1990). Chemical uptake rates can be 
expressed as a function of (he exposure concentration, permeability coeffi¬ 
cient, and surface area exposed, or as flux (Paustenbach et al., 1999). 

Binavailabiliiy 

Tlie study of the bioavailability of chemicals in various media began 
around 1980 and continues to be an important topic (Rubyet al., 1999). 

Most studies are of oral bioavailability, although the dermal and 
inhalation bioavailability of chemicals have also been evaluated. This 
area of research has been a bit confusing due to a lack of standard termi¬ 
nology (Hrudey et al., 1996). A recent review paper by Ruby et al. (1999) 
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is pfobably the most authoritative one on this topic. The following defini¬ 
tions should be used in future assessments. 

Bioavailability: Oral bioavailability is defined as the fraction of an admin¬ 
istered dose that reaches the central (blood) compartment from the 
gastrointestinal tract. Bioavailability defined in this manner is com¬ 
monly referred to as absolute bioavailabilily and is equal to the oral 
absorption fraction. 

Relative bioavailability: Relative bioavailabiiity refers to comparative 
bioavailabilities of different forms of a substance or for different expo 
sure media containing the substance (e.g., bioavailabiiity of a metal 
from soil relative to its bioavailabiiity from water), expressed in this 
document as a relative absorption factor (RAF). 

Relative absorption factor; The RAF describes the ratio of the absorbed 
fraction of a substance from a particular exposure medium relative to 
the fraction absorbed from the dosing vehicle used in the toxicity 
study for that substance (ilie term relative bioavailabiiity adjustment, 
RBA, is also used to describe this factor). 

Bioaccessibility: The oral bioaccessibility of a substance is the fraction 
that is soluble in the gastrointestinal environment and is available for 
absorption, it is imortant to note that the bioaccessible fraction is not 
necessarily equal to the RAF (or RBA) but depends on the relation 
between results from a particular in vitro test system and an appropri¬ 
ate in vivo model. 

There are both in vitro and in vivo tests for evaluating bioavailabiiity, and 
marty different approaches have been suggested over the past 20 years 
(Umbreit et ai, 1986a; Lucier ef al., 1984; Shu et al., 1988; /ayjock et al, 
1996; Hrudeyetal., 1996). 

As noted by Ruby et al. (1999), a number of in vitro tests are available. 
Simple extraction tests have been used for several years to assess the degree 
of metals dissolution in a simulated gastrointestinal-tract environment. The 
predecessor of these systems was developed originally to assess (he bio- 
availability of iron fiom food, for studies of nutrition. In these systems, vari¬ 
ous metal salts or soils containing metals are incubated in low-pH solution 
for a period intended to mimic residence time in the stomach. The pH is 
then increased to near neutral, and incubation continues for a period in¬ 
tended to mimic residence time in the small intestine. Enzymes and organic 
acids are added to simulate gastric and small-intestinal fluids. The fraction 
of lead, arsenic, or other metals that dissolves during the stomach and 
small-intestinal incubations represents the fraction that is bioaccessible 
(i.e., is soluble and available for absorption). 

A number of in vivo tests have also been used with varying success. 
For example, gastrointestinal absorption of lead in humans varies with the 
age, diet, and nutritional status of the subject as well as with the chemi- 
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cal species and the particle size of lead that is administered. For example, 
age is a well-established determinant of lead absorption: adults typically 
absorb 7-15% of lead ingested from dietary sources, while estimates of 
lead ahsorplion from dietary sources in infants and children range from 
40 to 53‘)(.. For (he purpose of modeling exposure to lead in soil, the U.S. 
EPA currently assumes that the absolute bioavailabiiity of lead in diet and 
water is 50% and that the absolute bioavailabiiity of lead in soil is 307o 
for children. This corresponds to a soil RAF of 0.60 (607..) for the bio¬ 
availability of soil lead relative to lead in water (i.e,, RAF = 0.3/0.5) (Ruby 
et al., 1999). 

The results of bioavailabiiity studies need to be considered in virtually 
ail assessments involving human exposure. Often (he effects in uptake 
will be minor, while in other cases one may find that insignificant quan¬ 
tities of a chemical are absorbed even though the applieef dose or expo¬ 
sure is quite high (Umbreit et al., 1986a; Van Den Berg et al., i 984). 

Applied Dose or Potential Dose 

Applied dose has been defined as the amount of chemical available at 
the absorption barrier (skin, lung, gastrointestinal tract) (U.S. EPA, 1992c). 
It is useful to know the applied dose if a relationship can be established 
between the applied dose and the internal dose, a relationship that can 
sometimes be established exjierimenlally. This relationship can be esti¬ 
mated either through modeling or by direct measurement. For example, 
some researchers have analyzed phenol concentrations in the blood of 
volunteers over time after placing their hands in a bucket of nitrobenzene 
in an attempt to quantify the flux rale (Piotrowski, 1967, 1977). Usually it 
is difficult to measure the applied dose directly, as many of the absorption 
barriers are internal to the human, and not localized in such a way to 
make inedsurernerU easy. An approximation of applied dose can be made, 
however, using the concept of potential dose (U.S. EPA, 1992c). 

Potential dose is simply the amount of chemical that is ingested or 
inhaled, or the amount of chemical contained in material applied to the 
skin. It is a useful term or concept in those instances when there is a mea¬ 
surable amount of chemical or transport medium. The potential dose for 
ingestion and inhalation is analogous to the administered dose in a dose- 
response experiment. 

For the dermal route, potential dose is the amount of chemical 
applied, or the amount of chemical in the medium applied (for example, 
as a small amount of soil deposited on the skin). Note that because all of 
the chemical in the soil particulate is not contacting the skin, this differs 
from exposure (the concentration in the particulate times the duration of 
contact) and applied dose (the amount in the layer actually touching the 
skin) (U.S. EPA, 1992c). 

As previously noted, the amount of chemical that reaches the exchange 
boundaries of the skin, lungs, or gastrointestinal tract may often be less than 
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the potential dose if the material is only partly bioavailable. For example, 
only about 0.001% to 1.0% of dioxins or polycyclic aromatic hydrocarbons 
tPA.Hs) on fly ash in contact with the skin are. likely to penetrate (Shu et al., 
1988). When bioavailability data are known, adjustments to the potential 
dose should be made to convert it to the absorbed or internal dose (Shu et 
al., 1988,1 Irudey et al., 1996). 

Internal Dose 

The amount of chemical that has been absorbed and is available for 
interaction with biologically significant receptors (e.g., target organs) is 
called the internal dose. Estimating internal dose is the first objective of a 
good exposure assessment (Ramsey & Andersen, 1984; U.S. EPA, 1996b). 

Transport models are available to assist in this process (McKone & 
Bogen, 19921. Once absorbed, the chemical can be metabolized, stored, 
excreted, or transported within the body. The amount transported to an 
individual organ, tissue, or fluid of interest is termed the delivered dose 
(Ciewell, 1995). The delivered dose may be only a small part of the total in¬ 
ternal dose. For example, although 1 mg of PCB may be absorbed into the 
body, at any given lime the amount in the liver (the target organ) may only 
be 0.001 mg. Work to refine the techniques used to estimate delivered dose 
has been among the most exciting areas of exposure assessment research 
over the past 15 years. Currently, the best approach to estimate delivered 
dose is to directly measure blood or to use physiologically based pharma¬ 
cokinetic (PBPK) models (Andersen et al., 1991; Lilly et al., 1998). 

The biologically effective dose (BED), or the amount that actually 
reaches cells, sites, or membranes where adverse effects occur (National 
Research Council, 1990), may represent only a fraction of the delivered 
dose, but it is obviously the best one for predicting adverse effects. To 
understand BED is the ultimate goat of exposure assessment. Thus far, 
toxicologists have rarely been able to estimate BED or measure it for most 
chemicals (U.S. EPA, 1992c), but models allow us to estimate it. 

Currently, most risk assessments dealing with environmental chemicals 
(as opposed to pharmaceutical assessments) rely upon dose-response re¬ 
lationships based on the potential (administered) dose or the internal 
dose, because our understanding of bow to estimate the delivered dose 
or the biologically effective dose is insufficient for most chemicals. In 
general, the best method currently available for estimating the dose to 
the target organ is to use PBPK models. These have been developed for 
about 60 high-volume industrial chemicals (Leung & Paustenbach, 1995) 
(Table 1). 

Often it is more convenient in risk assessment to refer to dose rates, or 
the amount of a chemical dose (applied or internal) per unit time (e.g,, 
mg/d), or as dose rates on a per unit body weight basis (e.g., mg/kg-d). 
Most exposure data found in the various editions of the U.S. EPA Exposure 
Factors Handbook and other guidance documents are presented as dose 
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rates (e.g., grams of fish consumed each day) rather than as dose (U.S. 
EPA, 1996c, 1996d, 1996e; American industrial Health Council, 1994). 

Exposure and Dose Relationships 

Depending on the purpose of the exposure assessment, different esti¬ 
mates of exposure and dose may require calculation. Often, estimates of 
uptake will be presented in units used in the toxicology study which may 
not be useful for exposure calculations. 

When risk i.s a function of lime of exposure, exposure or dose profiles 
can he very useful. In these profiles, the exposure concentration or dose is 
plotted as a function of time (Aylward et al., 1996). Concentration and time 
are used to depict exposure, while amount and time characterize dose. 

Such profiles are important for use in risk assessment where the severity 
of the effect depends on the pattern by which the exposure occurs, rather 
than on the total (integrated) exposure. For example, a developmental toxi¬ 
cant may only produce effects if exposure occurs during a particular stage 
of development. As shown in Figure 2, during the lime above a certain 
dose rate (the shaded portion), there was an increased risk to the fetus of 
certain birth defects. Similarly, a single acute exposure to very high dose 
may induce adverse effects, even if the average is much lower than appar¬ 
ent no-effect levels. To understand the probability of an adverse effect, one 
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must generally consider the pharmacokinetics of the specific chemical. For 
example, fora chemical that has a long biologic haif-life, internal exposure 
continues long after the chemical is ingested because blood levels remain 
high until the substance is completely released from poorly perfused tissues 
like adipose, and then is metabolized and/or eliminated. 

In general, there is a need to consider the time elements of exposure 
assessment. Specifically, it is useful to understand the relationship between 
the biological half-lives of toxicants and the subsequent critical lime ele¬ 
ment of their exposure. Indeed, the appropriate consideration of these ele¬ 
ments should drive the specified averaging times for both toxicant expo¬ 
sure limits and exposure assessment (Roach, 1966; Piaustenbach, 2000). 

If a chemical or agent causes its biological damage quickly and is 
gone from the body in a short time, then how we lest its toxicity is criti¬ 
cal. For example, consider a material with a half-life of a few minutes in 
the body, if we were to test it by spreading or apportioning the daily dose 
of this material over 24 h via inhalation, it will produce a different toxicity 
than if the animal got the same amount in a couple of l-h inhalation ex¬ 
posures. The same dose of this quick-acting material would do much more 
damage amassed in a bolus dose of a few minutes or even an hour or two 
than spread over 24 h. 

Thus, dosing times in toxicological studies should be commensurate 
with the biological half-fife for the relatively quick-acting chemicals. We 
often need to measure the exposure over an appropriately short period of 
time where the worst case exposure may occur. The same logic also holds 
for the derma) (topically applied) and oral (normally ingested) exposures in 


that they should occur in lime frames that are comparable to what we 
would exfKJCt in use. Bolus dosing by gavage or injection would, of course, 
be worst case. 

On the other hand, if the biological half-life of the compound is longer 
than a few days, then relatively high spikes of exposure over a day or two 
are nut particularly significanl from a health impact perspective. What is 
important from a chronic toxicity perspective for these types of comjaounds 
is, of course, the weighted average over a significantly longer time period. 

As such, it would only seem appropriate to use an annual average ex¬ 
posure when you are dealing with a compound with a very long (greater 
than 90 d) half-life in the bc^y and no evidence of acute toxicity at high 
short-term dose rates (Roach, 1966; Rappaport, 1985; Rappaport & Spear, 
1988). 

Aggregate exposure is the sum total of exposure to a chemical via all 
routes of exposure (and all media). It is now commonplace to add as many 
as 6 to 10 different exposure sources per route (e.g., DDT in different fruits 
and vegetables) and 3 exposure routes (e.g., DDT via food, air, and dermal 
contact). The units of aggregate exposure are concentration times duration. 
Aggregate exposure has been considered in complex assessments of the 
past to yr, such as for incinerators, but it came to the fore with the passage 
of the Food Quality Protection Act (FQPA) in 1996. At least one major sym¬ 
posium and the resulting publication tackle this subject. Ample guidance 
from regulatory agencies and examples of how to perform these assess¬ 
ments will undoubtedly be published over the next 5 yr (International Life 
Sciences fnslilute flLSIl, 1998). 

Integrated exposure is the total "area under the curve" (AUC) of the ex¬ 
posure profile. An exposure profile (a picture of the exposure concentration 
over time) is particularly useful when trying to understand occupational 
exposure because it contains more information than a numerical estimate 
of the integrated exposure, including the duration and periodicity of expo¬ 
sure, the peak exposure, and the shape of tlie area under the time-concen¬ 
tration curve (Figure 2). The risk posed by most systemic toxicants with 
chronic effects are often best understood by evaluating the blood concen¬ 
tration versus time relationship. 

The last way to characterize exposure is the time-weighted average 
(TWA). This is particularly relevant when conducting a carcinogen risk 
assessment. In cancer risk assessments, the time over which exposure is 
integrated is usually 70 yr (U.S. EPA, 1992c). A TWA dose rate is the total 
dose divided by the lime period of dosing, usually expressed in units of 
mass per unit time, or mass/lime normalized to body weight (e.g., mg/kg-d). 
TWA dose rates such as the lifetime average daily dose (LADD) are used 
in dose-response equations to estimate lifetime risk. 

Measures of Dose 

For risk assessment purposes, dose estimates should be expressed in a 
manner that can be compared with available dose-response data from ant 
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mal or human studies, for example, if data on human exposure are in mil¬ 
ligrams of lead per deciliter of blood (mg/dl), it would ue best to use the 
blood concentrations in an animal or human study to predict the risk. Fre¬ 
quently, dose-response relationships are based on potential dose (called 
administered dose in animal studies), although dose-response relationships 
are sometimes based on internal dose. These differences need to be 
accounted for. The measure of dose selected should be based on the mode 
of action of the adverse effect (U.S. EPA, 1992a, 1996b; Aylward et al., 
1996; Andersen et al., 1995; Andersen & Conolly, 1998). For example, to 
assess a nasal irritant, the airborne concentration of the chemical is a rel¬ 
evant dose, and an even better dose metric would be mg of chemical 
contacting a square centimeter of nasal mucosa, 

Doses may be expressed in several different ways. Solving Eq. (f), for 
example, gives the dose rate over the time period of interest. The dose per 
unit time is the dose rate, which has units of mass per time. The most 
common dose measure is average daily dose (ADD), which is used to pre¬ 
dict or assess the noncarcinogenic effects of a chemical. 

ADD = (C • IR • D - fi)/(BW ■ AT) (f) 

where ADD is the potential average daily dose, BW the body weight, B 
the bioavailabiiity, AT the time period over which the dose is averaged 
(days), C the mean exposure concentration, and IR the ingestion rate. 

The following presents a typical calculation. 

Example Calculation t; Deferinining (he Average Daily Dose A typ¬ 
ical American eats a certain amount of lettuce over a lifetime (about 2000 
kg). Assume that on any given week, the maximum quantity ingested is 
0.5 kg, and the maximum on any one day is 0.04 kg/d. Assume that the 
typical aldrin residue is 4 mg/kg on all lettuce ingested over the person's 
lifetime. What is the ADD of aldrin for the maximum week? Assume the 
oral bioavailabiiity of aldrin in lettuce is 90%. 

Given: 

C =4 mg/kg (aldrin) 

D = 1 week 
BW= 70 kg 
AT = 7d 
IK = 0.5 kg/wk 
B = 0.9 

Therefore: 

ADD = (C • IR • D • S)/(BW • AT) 

ADD = (4 mg/kg)(0.5 kg/wk)(0.9)/(70 kgl(7 d) 

ADD = 0.004 mg/kg-d 

When the primary health risk posed by a chemical is cancer or another 
chronic effect, then the biological response is usually described in terms 
of lifetime probabilities (e.g., the increased risk of developing cancer dur- 
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ing a 70-yr lifetime is 2 in 100,000). In these circumstances, even though 
exposure may not occur over the entire lifetime, doses are usually pre¬ 
sented as LADDs (U.S. EPA, 1992c). The LADD lakes the fornri of Eq. (2), 
with lifetime (LT) replacing the averaging time (AT): 


LADD (C ■ 
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Example Calculation 2: Determining the Lifetime Average Daily Dose 
Assume that the reasonable maximum ingestion lifetime uptake of lettuce 
over a 70 yr lifetime (99% person) is 14,000 kg and that it contains 4 mg/kg 
of Aldrin. Wha( is the LADD? 

Given: 

C =4 mg/kg (aldrin in lettuce) 

IR = 14,000 kg 

D = 70 yr 

B = 0.9 

BW = 70 kg 

LT = 70 yr = 25,550 d 


LADD = (C • IR -D -Ol/IBW • LT) 


LADD = (4)(14,000/70)(70)(0.9)/(70)(2S,5SO) 

LADD - 0,028 mg/kg-d 

Although other measures of chronic dose may be more appropriate 
for predicting the hazard posed by specific chronic toxicants, such as an 
area under the blood concentration (AUC) curve or the peak target tissue 
concentration, the LADD is the most common dose mefric used in car¬ 
cinogen risk assessment (Figure 3). 

CONCEPTUAL APPROACHES TO EXPOSURE ASSESSMENT 
Quantifying Exposure 

Although exposure assessments are conducted for a variety of rea¬ 
sons, the process of estimating exposure can be approached using one of 
the following three methods (U.S. EPA, 1992c); 

1. Direct measurement; The exposure can be measured at the point of 
contact (the outer boundary of the body) while it is taking place, mea¬ 
suring the exposure concentration and time of contact and integrating 
them (point-of-contact measurement). An example is the measurement 
of the amount of contaminated soil on an exposed hand of someone 
digging a hole to plant a tree. The relevant exposure information 
would he contaminant concentration in soil (pg/g), surface area of the 
hand in contact with the soil (100 m'), and time of cx;50sure (2 h). 
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FlCtlRE X Theoreiicdl amcemraiion vcr$us lime curve for TCDD iHusirating orn- pns-srhle 
ship bctwveef^ auC and response- This figure itlusi/aros Jlie possible combination of AUC ami ihresh- 
uids for produUion of various response*!: mva A, no effect; area 6, enzyme iriduLlion (rccucs; «iieu C, 
significant Increased cell proiiferution. From Aylward ct al. <19%). 

2. Exposure scenario: Sometimes one is concerned about an exposure that 
may or may not occur, so a hypothetical exposure scenario is devel¬ 
oped. tn these assessments, specific data cannot actually be collected, 
but relevant information can be found. For example, if an incinerator 
vvere built, it would not be known today how much of each chemical in 
the airborne emissions would reach the various compartments in the 
environment (food, soil, sediment, surface water), but one can describe 
what would be likely to occur (a scenario). 

3. Biomonitoring; Sometimes historical exposure can be estimated based on 
the amount of chemical in the body or being eliminated in breath, urine, 
or feces. In recent years, doses have been reconstructed through internal 
indicators (biomarkers, body burden, excretion levels) for persistent 
organics and several metals. Among the best examples are lead in blood, 
phenol in urine, volatile hydrocarbons in the breath, and dioxins in 
blood fat. 

These three approaches to exposure quantification (or dose) are inde¬ 
pendent because each is based on different assumptions and/or data. The 
fact that they are independent measures is useful in verifying or validating 
the results of the various approaches. Each of the three has strengths and 
weaknesses; using them in combination can considerably strengthen the 
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credibility of an exposure assessment (National Research Council, 1994; 
U.S. EPA, 1992a; U.S. Office of Science and Technology Policy, 1993), 
For example, results of the exposure assessment would be validated if 
one could mathematically predict the absorbed dose per day of a chemi¬ 
cal, estimate the resulting blood concentrations, and confirm these esti¬ 
mates by sampling the blood of the exposed population (Paustenbacli el 
al-, 19970. 

Estimates Based on Direct Measurement 

Point-of-contact or direct exposure assessment evaluates the exposure as 
it occurs. Measuring chemical concentrations al the interface between the 
person and the environment as a function of time yields an exposure profile. 
The best known example of point-of-contact measurement is the output of a 
radiation dosimeter. This smalt badgelike device measures radiation ex¬ 
posure as it occurs and provides an integrated exposure estimate for the 
period of time over which the measurement has been taken (U.S. EPA, 
1992c). The Total Fxposure Assessment Methodology (TEAM) studies (U.S. 
EPA, 1987b) conducted by the U.S. EPA made use of direct measurements 
In the TEAM studies, a small pump with a collector and an absorbent was 
attached to a person's clothing to measure his or her exposure to airborne 
solvents or other pollutants as it occurred, just as has been done in industrial 
hygiene studies of the past 60 yr (ACCIH, !998). In both of these examples, 
the measurements are taken at the interface between the person and the 
environment while exposure is occurring. 

The area of exposure assessment known as agricultural hygiene has 
developed very sophisticated techniques for estimating the uptake (absorp¬ 
tion) of chemicals during the mixing and application of pesticides. These 
have been described in numerous articles (Knaak et al., 1989, 2000). A 
recent paper by Kissel and Fenske (2000) is also useful. 

Providing that the measurement devices are accurate, the direct mea¬ 
surement method likely gives the best exposure value for the period of 
time over which the measurement was taken. It is often expensive, how¬ 
ever, to use these techniques to evaluate persons in the community, and 
measurement devices and techniques do not currently exist for all chemi¬ 
cals (at least al ambient concentrations). 

Estimates Based on Exposure Scenarios 

Using the exposure scenario approach, the assessor attempts to esti¬ 
mate or predict chemical concentrations in a medium or location and 
link this information with the time that individuals or populations are in 
contact with the chemical. An exposure scenario is the set of assumptions 
describing how this contact takes place. This is, by far, the most common 
approach to exposure assessment. Such an approach is necessary when 
trying to predict the impact of events that may occur in the future, such as 
building a new manufacturing facility or introducing a new pesticide or 
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herbicide (Proctor et al., 1997; Paustenbach et al., 1991a: 1991b; Nesset 
elaU 1991). 

The first step to building a scenario is to determine the concentration 
of the contaminated media. This is typically accomplished indirectly by 
measuring, modeling, or using existing data on concentrations in the 
media of concern, rather than at the point of contact (for example, pesti¬ 
cide residues on food or metal emissions on residential soils). Often, we 
assume that the concentratiot) in the bulk medium is the same as the con¬ 
centration at the point of exposure. This can he a source of potential error 
and should be discussed in the uncertainty analysis. For example, over 
the past 20 yr, most assessments of the hazard posed by comaminated 
soil were based on soil samples collected in the top 6 in of soil, even 
though most persons were exposed routinely to the surface soil (usually 
the lop '/i-2 in). Arguments can be made in either direction about the 
appropriateness of this assumption. 

The next step in conducting an exposure scenario is to estimate the 
contact lime, identify who is likely to be exposed, and then develop esti¬ 
mates of the exposure frequency and duration. Like chemical concentra¬ 
tion characterization, this is usually done indirectly using demographic 
data, survey statistics, behavior observation, activity diaries, activity models, 
or, in the absence of more substantive information, assumptions about be¬ 
havior (U.S. £PA, 1997b, 1997d). 

Chemical concentration and population characterizations are ultimately 
combined in an exposure scenario. One of the major problems in evaluating 
dose equations is that the limiting assumptions used to derive them (e.g., 
steady-stale assumptions) do not always hold true. Two approaches to tiiis 
problem are available; (1) to evaluate the exposure or dose equation under 
conditions when the limiting assumptions do hold true, or (2) to build a 
dynamic model that accounts for both accumulation and degradation. The 
microenvironment method, which is usually used to evaluate air exposures, 
is an example of the first approach. This method evaluates segments of time 
and location when the assumption of constant concentration is approxi¬ 
mately true, and then sums the time segments to determine the total expo¬ 
sure for the respiratory route, effectively removing some of the uncertainty 
(Price et a!., 1996b). In occupational hygiene, this is done by combining 
time-motion data with short-term air concentration data. While exposure 
concentration and time of contact may be estimated in some situations, the 
concentration and time of contact can be measured for each microenviron¬ 
ment. This avoids much of the error due to summing average values in cases 
where concentration and time of contact vary widely. 

In the second approach, a computer model can efficiently predict dose 
if enough data are available (Lynch, 1985; Zannetti, 1992; Calabrese & 
Kostecki, 1992). When conducting modeling, there are various tools used 
to describe parameter variation, such as Monte Carlo analysis, and these 
may be necessary in some assessments. 
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Estimating Exposure Using Biological Monitoring 
Exposure can often be estimated after it has taken place, The key factor 
is whether the biological half-life of the chemical is sufficiently long to 
allow for accurate measurement. If a iota! dose is known or can (ic recon¬ 
structed, and information about intake acrcl uptake rales is availalile, an 
average past exposure rate can be estimated (Aylward et al., 1996; Smith et 
al., 199T; Plato et al., 1995; Stewart et al., 1996; Sathiakumaret al., 1998). 
Dose reconstruction relies on measuring biological fluids (blood, urine), 
hair, nails, or (eces after exposure, intake, and uptake have already 
occurred, and using these measurements to back-calculate dose (Aylward 
et al., 1996). However, data on body burden levels or biomarkers cannot be 
used directly unless a relationship can be established between these levels 
(or biomarker indications) and internal dose. 

Biological monitoring can be used to evaluate the amount of a chemi¬ 
cal in the body by measuring one or more parameters (Table 2). In general, 
if these measurements can be marie and the biologic half-life is accept¬ 
able, then past exposure estimates can he reasonably accurate. Not all of 
these can be measured for every chemical (U.S. EPA, 1992c). Following is 
a list of possible measurements: 

• The concentration of the chemical itself in biological tissues or sera 
(blood, urine, biealh, hair, adipose tissue, etc.). 

• The coMceiUraiion of (he chemical's inetaboliie(s). 

• The biological effect that occurs as a result of human exposure to the 
chemical (e.g., alkylated hemoglobin or changes in enzyme induction). 

• Ihe amount of a chemical or its metabolites bound to target molecules. 

The results of biomonitoring can be used to estimate chemical uptake dur¬ 
ing a specific interval, if background levels do nor mask the marker and the 
relationship between uptake and Ihe selected marker is known (DeCaprio, 
1997). The sampling time for biomarkers is often critical. Establishing a cor¬ 
relation between exposure and measurement of the marker, including phar¬ 
macokinetics, is necessary to properly back-calculate historical exposure 
(U.S. EPA, 1992c). 

The strengths of this method are that it demonstrates that exposure 
and absorption of the chemical has actually taken place, and theoretically 
it can give a good indication of past exposure. The drawbacks are that (1) 
it will not work for every chemical because of interferences or the reac- 
live nature of the chemical, or because the biological half-life of t)ie 
agent is too short; (2) that the approach has been applied to only a few 
chemicals; (3) that data relating internal dose to exposure are needed; 
and (4) that it may be expensive. 

For lliose chemicals where biological monitoring can be used to esti¬ 
mate past exposure, the information obtained can be invaluable for con¬ 
ducting retrospective exposure assessments that can be used in epidemi- 
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ology studies. Some examples of chemicals for which past exposure can 
reliably be estimated include several metals, as well as tiutnerous large 
organic chemicals {e.g,, DDT, chlordane, dioxin, polybrominaied biphenyl 
(PBBI, PCB) (Aylward et al., 1996). 

INFORMATION UPON WHICH EXPOSURE ASSESSMENIS ARE BASED 

Compreiiensive exposure assessment of a complex scenario may re¬ 
quire several hundred exposure factors to estimate the various chemical 
concentrations in one of several dozen different media. Among the most 
complex exposure assessments are those that address the risks posed by 
airborne emissions from combustors (Fries & Raustenbach, 1990; U.S. EPA, 

1997d; Price et ah, 1996) {figure 4). To estimate the concentration, 
numerous dispersion models, as well as fate and transport models, may 
be required, in addition, the assessor may need to search the literature to 
identify relevant studies from as many as 10 related fields of research. 

Sometimes, hundreds of published papers and government guidance doc¬ 
uments need to be evaluated, used, and cited. In short, the exercise can 
be formidable, especially for assessments involving food chain contami¬ 
nation. Equally difficult and highly complex exposure assessments are 
those that attempt to estimate the uptake of fish by various members of 
the angling public (Wilson et ah, 2000). 

Oblaiiitng Data on Intake and Uptake 

The numerous editions of the Exposure Fstctors Handbook (U.S. EPA, j 

1996c, 1996d, 1996e, 1997b) present statistical data on many of the fac- j 

tors used to assess exposure, including intake rates, and these provide cita- | 

tions for primary references. Today, this series of publications represents 
the most comprehensive, single source of exposure assessment infomna- j 

tion. Some of the many intake factors in the various volumes include; j 

• Drinking water consumption rates. j 

• Breast milk ingestion rates for infants. 

• Consumption rates for homegrown fruits, vegetables, beef, and dairy 
products. 

• Consumption rates for recreationally caught fish and shellfish. | 

• Incidental soil ingestion rates. : 

• Pulmonary ventilation rates, i 

• Surface area of various parts of the human body. ; 

• Body weight for various age groups. 

Table 3 presents examples of some of the standard or default exposure 
factors used in risk assessment. 

The Exposure Factors Handbook is updated routinely to include addi¬ 
tional factors and to include new research data on previously discussed fac- 
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FIGURE 4, EP4's conceptual approach to dealing with direct and indirect exposure pathways as illustrated by assessments or incinerator emissions. 
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tors. It also provides ddault parameter values, which can be used when site- 
specific data are not available. Obviously, general default values should not 
be used in place of known, valid data that are more relevant to the assess¬ 
ment being conducted. The U.S. EPA handlxTok, though substantial, may not 
contain all av.nilable information on exposure factors or relevant studies, so a 
supplemental literature search should lie conducted to ensure that pertinent 
literature has been identified. As discussed later, if a probabilistic or Monte 
Carlo assessment is to be conducted, the document titled Riik Assessment 
Guidance for Supeilund: Process (or Conducting Probabilislic Risk Assess¬ 
ment (U.S. EPA, 19991)) and other publications should be consulted. 
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Concentration Measurements in Environmental Media 

Sometimes the existing chemical concentration data are inadequate to 
conduct a proper site-specific assessment. In these cases, concentration data 
can he gathered by conducting a new field study, or by evaluating data from 
past field studies and using them to estiniale concentrations. Media mea¬ 
surements taken close to the point of contact are preferable to measure¬ 
ments far removed geographically or temporally. As the distance from the 
point of contact increases, the certainty of the data at the point of contact 
usually decreases, and the obligation for ihe assessor to show relevance of 
the data to the assessment at hand becomes greater. For example, an out¬ 
door air measurement, no matter how close it is taken to the point of con¬ 
tact, cannot by itself adequately characterize indoor exposure (ftruslenbach 
et al., 1997b). 

Concentrations often vary considerably from place to place, seasonally 
and over time due to changing emission and use patterns (Scott et al., 
1997a, 1997b; Paustenbach et a!., 1986). This needs to be considered not 
only when designing studies to collect new data, but also when evaluat¬ 
ing the applicability of existing measurements as estimates of exposure 
concentrations in a new assessment. It is of particular concern when the 
measurement data will be used to extrapolate to long time periods, such 
as lifetimes. Transport and dispersion models are frequently used to help 
answer tliese questions (Calabrese & Kostecki, 1992). 

The exposure assessor is likely to encounter several different types of 
measurements. One type often used to understand concentration trends is 
outdoor fixed-location monitoring. This measurement is used by the U,5. 
ERA and other groups to provide a record of pollutant concentration at one 
place over time. Nationwide air and water monitoring programs have been 
established so that baseline values in these environmental media can be 
documented. Although it is not practical to set up a national monitoring 
network to gather data for a particular exposure assessment, data from 
existing networks can be evaluated for relevance to an exposure assess¬ 
ment. These data are often far removed from the point of contact. Adapt¬ 
ing data from previous studies usually presents specific challenges. 

Indoor air contaminant concentrations can vary as much as or more than 
those in outdoor air (Wallace et al., 1985, 1986, 1987a, 1987b; Roberts el 
al., 1993). Consequently, indoor exposure is best represented by measure¬ 
ments taken al the point of contact. However, because pollutants such as 
carbon monoxide can exhibit substantial outdoor penetration, indoor expo¬ 
sure estimates should consider potential outdoor, as well as indoor, sources of 
the contaminanKs) under evaluation (U.S. ERA, 1992c; Ott & Roberts, 1998). 

Contaminant concentrations in food and drinking-water measurements 
can also be measured. General characterization of these media, such as mar¬ 
ket basket studies (where representative diets are characterized), shelf studies 
(where foodstuffs are taken from store shelves and analyzed), or drinking- 
water quality surveys, are usually far removed from the point of contact for 
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an individual, but may be useful in evaluating exposure concentrations for a 
large population. Measurements of tap water or foodstuffe in a home and 
how they are used are closer to the point of contact. In evaluating the rele¬ 
vance of data from previous studies, variation in the distribution systems must 
be considered, as well as the space-time proximity (U.S. EPA, 1992c). 

Consumer or industrial product analysis is sometimes done to charac¬ 
terize the chemical concentrations in products. Product formulations can 
change substantially over time, similar products do not necessarily have 
simitar formulations, and regional differences in product formulation can 
also occur. These should be considered when determining the relevance of 
existing data and when setting up sampling plans to gather new data (U.S. 
EPA, 1992c). 

Another type of concentration measurement is the microenvironmen¬ 
tal measurement- Rather than using measurements to characterize the 
entire medium, this approach defines specific zones in which the concen¬ 
tration in the medium of interest is thought to be relatively homogeneous, 
and then characterizes the concentration in that zone (U.S. EPA, 1992a; 
Price et al., 1998). Typical microenvironrnents include the home or parts 
of the home, office, automobile, or other indoor settings. Microenviron¬ 
ments can also be divided into time segments (e g., kitchen during the 
day, kitchen during the night). This approach can produce measurements 
that are closely linked with the point of contact, both in location and time, 
especially when new data are generated for a particular exposure assess¬ 
ment. The more specific the microenvironment, however, the greater is the 
burden on the exposure assessor to establish that the measurements are 
representative of the population of interest. 

The concentration measurement that provides the closest link to the 
actual point of contact is personal monitoring, In virtually ail cases, if 
available, this information should be the basis of exposure assessments of 
individuals. An obvious exception is the work environment where lapel 
sampling is conducted while the person is wearing a respirator; in this case, 
personal sampling would not refleci genuine exposure. 

Models and Their Role 

Often the most critical element in an exposure assessment is estimat¬ 
ing pollutant concentrations at exposure points. This is usually carried out 
by combining field data and modeling results. In the absence of field data, 
this process often relies on the results of mathematical models of aerial dis¬ 
persion, such as ISCLT, or of water movement, such as MODFLOW (U.S. 
EPA, 1983-1989, 1985, 1986, 1987a; El Saadi & Langley, 1994). The U.S. 
EPA Science Advisory Board and others have recommended that modeling 
ideally should be linked with monitoring data in regulatory assessments, 
although this is not always possible. 

A ntodeling strategy has several aspects, including setting objectives, 
model selection, obtaining and installing the code, calibrating and run- 
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ning the computer mode!, and validation and verification. Many of these 
aspects are analogous to the quality assurance and quality control mea¬ 
sures applied to measurements. 

Regardless of whether models are extensively used in an assessment 
or whether a formal modeling strategy is documented in the exposure 
assessment plan, when computer simulation models such as fate and trans¬ 
port models and exposure models arc used in exposure assessments, the 
assessor must be aware of the performance characteristics of the model 
and state how the exposure assessment requirements are satisfied by the 
model {Calabrese & Kosiecki, I9y2). 

The site must be characterised if models are to be used to simulate pol¬ 
lutant behavior at a specific site. Site characterization for any modeling 
study includes examining all data on the site, such as source characteriza¬ 
tion, dimensions and topography of the site, location of receptor popula¬ 
tions, meteorology, soils, geohydrology, and ranges and distributions of 
chemical concentrations. For exposure models that simulate both chemical 
concentration and time of exposure (through behavior patterns), data on 
these two parameters must be evaluated (U.S. ERA, 1992a; Paustenbach et 
al., 1991b, 1992b). 

Criteria are provided by the U.S. ERA [1987a) for selecting surface water 
models and groundwater models, respectively; tiie reader is referred to this 
document for details. Similar selection criteria exist for air dispersion models. 

A primary consideratiaii in selecting a model is whether to perform a 
screening study or a detailed evaluation. A screening study makes a pre¬ 
liminary evaluation of a site or a general comparison between several sites. 
It may be generic to a type of site (i.e., an industrial segment or a climatic 
region) or may pertain to a specific site for which sufficient data are not 
available to properly characterize the site. Screening studies can help 
direct data collection at the site by, for example, providing an indication 
of the level of detection and quantification that would be required and 
the distances and directions from a point of release where chemical con¬ 
centrations might be expected to be highest. 

An example of a screening-fevel modeling effort would be to estimate 
the amount of lead deposited by an incinerator onto local crops using a 
basic air dispersion model, without considering local geographical or 
weather conditions. The next level of complexity would consider the 
presence of mountains, their proximity to the stack, the local weather pat¬ 
terns, and the number of atmospheric inversions per year. A higher level 
of analysis could incorporate yet other, more subtle factors. 

The value of the screening-level analysis is that it is simple to perform 
and may indicate that no significant contamination exists. Screening-level 
models are frequently used to get a first approximation of the concentrations 
that may be present. Often these models use very conservative assumptions; 
that is, they tend to overpredict concentrations or exposures. If the results of 
the conservative screening procedure predict concentrations or exposures at 
less than a predetermined no-concern level, then more detailed analysis is 
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probably not necessary. If the screening estimates are above that level, 
refinement of the assumptions or a more sophisticated model are necessary 
to generate a more realistic estimate (U.S. ERA, 1992c). 

Screening-level models also help the user conceptualize the physical 
system, identify important processes, and locate available data. The assump¬ 
tions used in the preliminary analysis should represent conservative con¬ 
ditions, such that the predicted results overestimate potential conditions, 
limiting false negatives. If the limited field measurements or screening 
analyses indicate that a contamination problem may exist, then a detailed 
modeling study may be useful. 

In contrast, the purpose of the detailed evaluation is to use the best 
data available to make the best estimate of spatial and temporal chemical 
distriirutions of a specific site. Detailed studies typically require higher 
quality data and more sophisticated models. 

Accounting for Background Concentrations 

Background exposure to so-called "toxic" or industrial chemicals, espe¬ 
cially environmentally persistent ones, can occur due to natural or anthro¬ 
pogenic sources (Travis & Hester, 1990). In most exposure assessments, 
background soil concentrations are the focus ol attention, but the same issue 
can be relevant when evaluating sediments, ambient air, groundwater, and 
vegetation (foodstuffs). At some sites, it is important that these so-called 
"background" concentrations be accounted for because removing the quan¬ 
tity of toxicant due to humans may, in fact, not appreciably change the con¬ 
centrations or be sufficient to reduce the risk to acceptable levels. For exam¬ 
ple, naturally occurring concentrations of lead, arsenic, and cadmium. In 
some locations, may be higher than cleanup levels established by various 
regulatory agencies (Dragun & Chiasson, 1991; Dragun, 1998). The expo¬ 
sure assessor should try to determine local background concentrations by 
gathering data from nearby locations clearly unaffected by the site under 
investigation, or by referring to published works that have assessed this 
issue. Statistical approaches are applicable to address this issue (Ou, 199Sa). 

When assessing soils, background levels can be viewed in at least four 
different ways (El Saadi & Langley, 1994); 

• "Pristine" levels—Some would like to equate background levels with 
those associated with the "pristine" state, that is, soils or landscapes un¬ 
affected by human activity. This rather idealistic situation probably no 
longer exists; even in Antarctica, where mercury and dioxin concentra¬ 
tions can be detected in some media. Toxic elements mainly associated 
with the solid phase of some natural material (such as soil dust, plant or 
volcanic ash, vegetable matter) are relatively mobile in a global sense. For 
example, Nriagu (1979) has suggested that about 40 million tons of heavy 
metals have been dispersed atmospherically over the many centuries of 
human activity. 

Increases in pollutant metal concentrations have been measured up 
to 60 km from smellers, and automotive lead (fine particles) has been 
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metisured in soils and rainfall up to about 50 km downwind from major 
cities. Soil contamination up to 50-100 m from highways by automotive 
lead (coarser particles) is an example of short-range transport, and con¬ 
trasts with transport of toxic metals on a continental or global scale (e.g., 
contamination of the Greenland ice sheets from the northern United 
States, mercury in the Florida Everglades due to aerial releases in South 
America, the snows of the New Zealand Alps by soil dust from inland 
Australia) (El Saadi & Langley, )994). 

• "Norma!" levels—The question could be asked: Are soils contaminated 
at farms in the higher rainfall areas of the Appalachians, which used to 
receive automotive exhaust particulates from the New York metropolitan 
area 200 km away? These soils arc not pristine, but the chemical con¬ 
centrations arc perfectly safe for growing food, raising farm animals, and 
residential living. Soils from such areas would have a range of what is 
often called "normal" background values. To most exposure assessors, 
this mosaic of normal soils, which is only affected by the minor pollu¬ 
tion of everyday aciivilies associated with modern rural and urban life, 
should be the basis for defining background values. Statistically, this 
range of normal background values would constitute a single lognormally 
distributed population. Obviously, one needs to exclude the otitliers or 
"hot" spots due to a geochemical anomaly, or localized pollution arising 
from either industrial emissions, disposal of waste products, or intensive 
(excessive) use of farm chemicals (£l Saadi & Langley, 1994). 

• Historically polluted regions—Local community and regulatory pol¬ 
icies often affect what are defined as background levels. A community 
with highly developed environmental consciousness may insist on very 
low, possibly unreasonable, reference values. Some densely populated 
areas with historically derived pollution, perhaps from former mining 
activities, may sustain apparently healthy populations who pragmati¬ 
cally must accept higher "background" level values. The cities of Phila¬ 
delphia, Baltimore, and New York, and parts of Japan, for example, 
may fit in this category. 

• GeochemicaJ variation—Background levels of some potentially toxic 
elements may vary among geographical regions because of differences 
in soil type. The resulting concentrations are often called naturally 
occurring levels. 

An important factor is the composition of rocks and sediments that 
weather from soils. Some extreme examples are high concentrations of 
nickel, cobalt, and chromium in igneous rocks such as basalts that 
cover extensive areas in western Victoria and lasmania, Australia; and 
high concentrations of boron in soils on marine sediments in the Rivor- 
ina, Maliee, and Wimmera dislricls of South Australia, and in Victoria, 
Eyre Peninsula and parts of western Australia. 

Some regulatory agencies have provided written guidance descrii)ing 

how to select soil or sediment cleanup values that account for back- 
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ground clieitiicat concenlralions. In past years, these have varied signifi¬ 
cantly, but within the past 5 yr, there appears to be some convergence 
regarding tlie definition of background, how to measure it, and how it 
should affect exposure assessment calculations. 

ESTIMATING UPTAKE VIA THE SKIN 

Wlien attempting to predict chemical risks in the environmental or 
occupational setting, the dermal exposure route can vary in its impor¬ 
tance from negligible to significant. In most evaluations of hazardous 
waste sites and ambient air or water contaminants, this is not a major 
route of exposure. Although the uptake of chemicals via the skin has gen¬ 
erally been overlooked in most workplace exposure assessments, it prob¬ 
ably represents a substantial portion of the exposure for many occupa¬ 
tions. Even though gloves arc more frequently used than in years past and 
training has increased on the possible hazards of dermal exposure, there 
is still ample evidence to indicate that, in order to conduct a complete 
exposure assessment, this route deserves attention (Paustenbach et al., 
J992c; Leung & Paustenbach, 1994; Paustenbacb, 1988). 

in addition to the risks associated with systemic toxicity due to tipfake 
via the skin, it is sometimes necessary to evaluate the allergic contact der¬ 
matitis hazard (ACD). In recent years, techniques liave been developed 10 
quantitatively predict the likelihood of illication and induction of AGO 
(Nethercott et al., 1994; layjock, 1998). Some regulatory agencies are 
concerned with ACD and have developed cleanup standards based on 
this healtb endpoint. 

In the workplace, a worker's skin frequently comes into contact with 
solvents or chemicals mixed in water (aqueous materials), in most environ¬ 
mental settings where persons can be exposed to contaminated soil or con¬ 
taminated water, dermal uptake must be assessed. Fortunately, a good deal 
of research has been conducted to understand the rale at which chemicals 
pass through the skin. Percutaneous absorption of neat chemicals (i.e., the 
pure liquid) was often studied in humatis utiliJ lire late 1 970s (PiutrOwski, 
1977; Stewart & Dodd, 1964; Duiklewicz & Piotrowski, 1961; Dutkiewicz 
& Tyras, 1967; Feldmann & Maibach, 1974; Piotrowski, 1971; Mraz & 
Nohova, 1992; Krivariek et al., 1978). Because of the potential toxicity of 
many chemicals and improved laboratory techniques, in vivo human 
studies have been largely supplanted by experitnenls with laboratory ani¬ 
mals, in vitro studies, or athymic rodents grafted with human skin (Klain & 
Black, 1990). Historical research has shown that, in general, chemical pen¬ 
etration of the human skin is similar to that of a pig or monkey, and much 
slower than that of the rat and rabbit (Barlek et al., 1972). Thus, for many 
chemicals, there is some level of confidence that the rate of dermal uptake 
of a chemical by humans can be inferred from animal data. 

Starting in the 1980s, in vitro studies liSing human skin began to be 
conducted on a more routine basis. In these studios, a piece of excised 


.ucsf.edu/docs/mhxj0001 


The maienai on this oaae was copied from the coliection of the MBiiorial LiDrary of Medicme by a third party and may be protected by Lf, S Copyright law 



PM3006484485 


208 


D J PAU5TENBACH 


skin is attached to a diffusion apparatus with a top chamber to hold the 
applied chemical ainl a lemperalure-coiiliolled boiiotn chamber cc>nlajri- 
ing saline or other fluids (plus a sampling port to withdraw fractions for 
analysis) (Frantz, 1990). Although human forearm skin is optimal, it is dif¬ 
ficult lo nhlain, sri .ibrloiniiial c;r bieasi skin is cnnimoniy used. Geneially, 
a properly conductetl in vitro test can be a reasonai)lv good predictor of 
the absorption rale in vivo (Bronaugh el ai., 1982), However, due lo the 
fragile nature of the technique, these studies must be carefully interpreted 
(Barber et al., 1992). Often, depending on the conditions of the test, the 
results are not applicable to humans. 

Aside from neat liquids and exposure to contaminated water, dermal ex¬ 
posures can also occur through contact with dust or dirt on surfaces, and by 
way of contact with soil or dust-bound contaminants (f^uslcnbach et al., 
1997b). Few studies (Lepow et ai., 1975; Reels et al., 1980; Que Hee et ai., 
1985; Driver et al., 1989; Sheppard & Evenden, 1994; Finley et al., 1994a; 
Flolmes et al., 1996; Kissel el ai., 1996b; )ohnson & Kissel, 1996) have di¬ 
rectly cstimatod soil loading on human skin, and only one of them atlomptod 
to measure dermal contact of contaminated equipment by workers (Marlow 
et a!., 1990). The available studies probably provide sufficient data to gener¬ 
ate point estimates of soil adherence and perhaps can provide a reasonable 
probability density function (PDF) for most persons exposed to contaminated 
soils. The degree of representativeness of the data to the general population 
is difficult to assess (Burmaster & Thompson, 1997). 

Recenlly, a few of studies measured the adherence of soil lo mulliple 
skin surfaces (hands, forearms, lower legs, faces, and feel) under ambient 
and recreational conditions (Holmes et al., 1996; Kissel e( al., 1996b). 
Dermal loading on the hands was found lo vary over five orders of magni¬ 
tude and to be dependent on the type of aclivity. Differences between pre- 
and postaclivity adherence demonstrated the episodic nature of dermal 
contact with soil. However, due to the activily-depeiideiil nature uf soil 
exposure, data from these studies must be interpreted for their relevance to 
the type of activity, frequency, duration, and othei-wise site-specific nature 
of exposure. The various studies involving contaminated soil are informa¬ 
tive for providing an estimate of exposure; however, they are probably a 
couple orders of magnitude greater than what might be expected in an 
occupational setting. Nonetheless, this work is a "starting point" for brack 
eting potential exposure to dusts in the workplace. 

Recently, there has been a reasonable level of research investigating 
exposure lo house dusi. The basis for this concern has been increasing evi¬ 
dence that controlling exposure to house dust, especially in homes located 
near sites with considerable surface soil contamination, is more important 
for reducing the health hazard than remediating the soil (ftiustenbacn et al., 
1997b). Numerous papers in recent years have shown that in-house expo¬ 
sure to toxics is much greater than thal enc.ounlered due to amhien! (so- 
called environmental) contamination (Wallace, 1998; On & Roberts, 1998). 
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Along Ihcsc lines, and of particular interest to those who study indoor 
exposure, is the recent work to develop standardized approaches for col¬ 
lecting wipe samples and estimating the arnounl of dust loading On the 
palm of the li.iod (Lioy et al„ 1993, 1998). Although dermal absorption of 
toxicants in house dust will almost always pose a relatively low dermal 
uptake hazard, the uptake of toxicants due to hand-to-mouth contact can 
be substantial (Paustenbach et al., 1997b). 

Quantitaiive De.scription of Dermal Absorption 

For the purposes of risk assossToeni, percutaneous absorption is defined 
as transport of externally applied chemicals through cuianc-ous structures 
and the extracellular medium trs the bloodstream (U.S. ERA, 1992a, 1999a). 
In many settings, such as lot agricultural workers, platers, mechanics, and 
others, dermal uptake is the primary route of exposure. The simplest way to 
describe the rate of skin absorption is to apply Pick's first law of diffusion at 
steady state (Wepierre & Marty, 1979; Surlier et al., 1990): 

y = (IQ/dt = DK VC/e - fcj.C (3) 

where / (- dQ/dt) is the chemical flux or rate of chemical absorbed (mg/ 
cm^-h), D is the diffusivity in the stratum corneum (cm%), k the stratum 
coriieum/vehicic partition coefficient of the chemical (unilless), VC the 
concentration gradient (mg/cm'), e the thickness of the stratum corneum 
(cm), K, the permeability coefficient (cm/h), and C the applied chemical 
concentration (mg/cm'). The concentration gradient is equal to the differ¬ 
ence between the concentration above and below the stratum corneum. 
Because the concentration below is small compared to the concentration 
above, VC can be approximated as equal to the applied chemical concen¬ 
tration. From the preceding equation, it can be seen that the rate of ab¬ 
sorption is directly proportional to the applied concentration, The diffusiv¬ 
ity represents the rate of migration of the chemical through the stratum 
corneum. Since the stratum corneum has a nonnegligible thickness, there 
is a period of transient diffusion (lag time), during which the transfer rale 
rises to reach a steady state. In these studies, the steady state is main¬ 
tained indefinitely, provided the system remains constant. Depending on 
the type of chemical, the lag time can range from minutes to days (Leung & 
Paustenbach, 1994). From an exposure assessment standpoint, if the expo¬ 
sure duration is shorter than the lag time, it is unlikely that there will be 
any significant systemic absorption (Surber et al., 1990; Guy et al., 1982). 

The partition coefficient (K ) is one of the key parameters that influ¬ 
ences the degree to which a cnemical penetrates the skin (Surber et al., 
1990; Guy et al., 1982; Gargas et al., 1989; Anderson et ai., 1988; Flynn, 
1990). Fatty chemicals tend to accumulate in the stratum corneum. Con¬ 
versely, the stratum corneum is an effective barrier for hydrophilic sub¬ 
stances, wilicil rend to have low skin absorption rates. Because stratum 
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coineum/vehicle partition coefficients are difficult to measure, the three 
parameters (U, k, and e) are combined to give an overall permeability coef¬ 
ficient ft is noteworthy that Eq. (3) only approximates most in vivo 
exposure situations in which true steady-state conditions are rarely attained. 
In spile of its liniitalions, this equation has yielded satisfactory estimations 
of the actual absorption rates of chemicals for many situations (Table 4). 

phamnacoldnetic Models for Eslimating the Uptake 

of Chemicals in Aqueous Solution 

Pharmacokinetic models predict the uptake of a chemical through the 
skin based on fundamental thermodynamics. Several different models 
have been proposed. For example, a four-compartment pharmacokinetic 
model was developed in 1982 (Cargas et al., 1989). This model, which 
uses first-order rale constants, describes chemical movement through the 
compartments representing the various skin structures. It has been used 
successfully to predict the chemical disposition in the skin and plasma as 
a function of their physicochemical properties, and when an input rale 
constant to the skin surface is added to the model, it can be used to 
assess vehicle effects. A similar model that treats the barrier membrane as 
a series of spaces filled with immiscible liquids has also been developed 
(Anderson et ah, 19(58); its advantage is that it allows examination of non¬ 
steady-state conditions where Pick's law does not apply. 

Under an infinite-dose situation where the amount of a chemical lost 
by penetration is too small to alter the applied concentration (e.g., where 
one is swimming), the rate of absorption is essentially linear once steady- 
state has been reached. In the finite-dose system, however, the chemical 
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solution is applied as a thin film and the concentration decreases as pen¬ 
etration proceeds (e.g., a splash). All other model parameters being the 
same, penetration is reduced under finite-dose conditions. This is because 
the chemical concentration is continuously reduced over time, resulting 
in a decrease in the gradient across the stratum enrneum- These modeling 
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results indicate that the mechanism by which (luxes are affected must be 
considered when extrapolating to non-stead/'Slale condilinns. 

Although classic pharmacokinetic modeling like that described by Guy 
et ah (1902) can provide a gtxjd niatliematical description of the disposition 
of cbemicais, it does not depict exactly the biological processes in the intact 
animal. Fortunately, due to recent improvements in nvailahlecom]iuter hard¬ 
ware and software, pharmacokinetic methods based on physiological princi¬ 
ples ate now feasible aliei natives for analysis of in vivo skin penetration 
studies. These so-called PBPK models realistically describe the disposition of 
the chemical in the intact animal in terms of rates of blood flow, fiermeabii- 
ity of membranes, and partitioning of chemicals into tissues (Andersen et al., 
1991; Anderson et ai., 1980). Characieriring dermal absorption in terms of 
actual anatomical, physiological, and biochemical parameters facilitates 
extrapolations to the real species of interest, humans. 

In 1991, a PBPK mode) was developed to describe percutaneous absorp¬ 
tion of volatile organic contaminants in dilute aqueous solutions (Shatkiii & 
Brown, 1991). The exposure scenario modeled was either hand or full-body 
immersion into a vessel of solute-contaminated water. Modeling rcsulis 
suggested that chemical uptake in aqueous solutions is most markedly in¬ 
fluenced by epidermal blood flow rates, followed by epidermal thickness 
and lipid content of the stratum corneum. In general, thicker and fattier 
skin provides a better barrier to dermal penetration of chemicals. These 
are precisely the principles under which barrier creams offer their piotec- 
tion for increasing the effective thickness and lipophilicity of the skin. 
This model also predicted that the dose of some volatile organic chemi¬ 
cals in water absorbed through the skin during a 20-min bath may be 
equivalent to the amount inhaled (Shaikin & Brown, 1991). 

Among the most complex and be.st validated of the various models for 
dermal uptake of liquids is that developed by McDougal (1996). This 
team has successfully predicted dermal uptake rates for humans for more 
than a dozen chemicals based on animal data. One advantage of dermal 
PBPK models over traditional in vivo methods is their ability to accurately 
describe nonlinear biochemical and physical processes. For example, 
describing skin penetration based on blood concentrations or excretion 
rates as "percent absorbed" assumes that all processes have a simple lin¬ 
ear relationship with the exposure concentration. This is often not the 
case. The kinetics become nonlinear when the absorption, distribution, 
metabolism, or elimination of a chemical is saturated al high exposure 
concentrations. This model and models developed since (hen address this 
phenomenon in a reasonable manner, 

Factors Used to Estimate Dermal Uptake 

Many factors that need to be quantitatively accounted for in order to 
estimate the likely systemic uptake of a chemical that comes into contact 
with the skin, either as a liquid or when present in soil or dust (Pausienbach 
el al., 1999; U.S. £PA, 1992b). 
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Dermal Btoavailabilily The typical merlja of concern for assessing 
Cutaneous contact to environmental chemicals, in contrast with occupa¬ 
tional exposure, arc house dust, soil, fly ash, anti sediment. In the work¬ 
place, dermal u|)tjke is due to direct contact with liquids and contact 
with surfaces contaminated with dirt or liquids. A number of (laramcters 
can influence the degrtte of cutaneous bioavailability of chemicals in 
complex matrices. These may include aging (time following contamina¬ 
tion), soil type (e.g., silt, clay, and sand), type and concentration of co- 
contaminants (c.g,, oil and other organics), and the concentration of the 
chemical contaminant in the media (Shu ct al., 1988). The bioavailability 
of a chemical in soil will usually be affected by its physicochemicai prop¬ 
erties. Higli-molecular-wcight chemicals tend to bind to soil/dust and be 
less water soluble, while smaller molecules will frequently be water solu¬ 
ble, less lightly bound, and relatively bioavailable (McKone, 1990; Hrudey 
et al., 1996), The cutaneous bioavailability of perhaps 20 to 30 chemicals 
in soils has been determined in animals (Shu et al., 1986; Hrudey et al., 
1996; Lucier ct al., 1986; Umbreil et al., 1986a, 1986b; Skrowronski et 
al., 1988; Wester et al., 1993a). These studies show that different media 
and different chemicals can yield dramatically different cutaneous bio¬ 
availabilities. The results of these studies, for example, produce values of 
bioavailability for different chemicals that range from 0.001 to 3% for 
chemicals in soil. 

Skin Surface Area There is an abundance of information about the 
surface area of different portions of the body. One simple approach is to 
use the "rule of nines" for estimating the surface area of the human body 
(Snyder, 1975): the head and neck are 9%, upper limbs am each 9%, 
lower limbs are each 18%, and the front or back of the trunk is 18% 
(Pausienbach, 1989). The U.S. EPA has estimated an exposed surface area 
(arms, hands, legs, and feet) of 2900 cm^ for children 0 to 2 yr old; 3400 
cm- for children 2 to 6 yt old; and 2940 cm^ for adults (an adult is assumed 
to wear pants, an open-neck short-sleeve shirt, shoes, and no hat or gloves) 
(U.S. EPA, 1992c). When assessing chemical exposure in the ambient en¬ 
vironment, most of the necessary surface area information can be found 
in the U.S. EPA Exposure Factors Handbook (U.S. EPA, 1997b). lable 5 
presents the skin surface areas commonly used when conducting exposure 
assessments (Snyder, 1975). A distribution plot of skin area versus body 
weight has been developed (Burmaster, 1998b). 

Soil loading on (he Skin A key factor to consider when estimating 
dermal uptake via soil is the soil-to-skin adherence rate. Values of O.S to 
0,6 mg/cm' and 0.2 to 2.8 mg/cm^ have been reported for adults and 
children, respectively (Paustenbach et ai., 1986; Qiie Flee et al., 1985; 
California Deparinient of Health Services, 1986; Driver ot al., 1989). Recent 
works by Finley cl al. {1994a), Kissel et al. {1996b), and Holmes el al. 
(1996) have built on prior studies to show that dermal loading can vary sig- 
nificanily among different activities and different people. Based on data 
collected in past studies, in 1992 the U.S. EPA suggested a default soil-to¬ 
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skin adherence rate of 0.2 mg/cm^ (median) and 1.0 mg/crid (95th per¬ 
centile) for an adult. The recent edition of the Exposure Factors Handbook 
gives considerable attention to this topic (U.S. EHA, 1996c, I996e). One 
approach to improving dermal uptake calculations is to use area-weighted 
adherence factors as recently suggested by the U.S. EPA. 

interpreting Wipe Samples 

(n some workplaces, wipe sampling has been conducted historically 
to assess the degree of surface contamination. Hospitals were among tlie 
first occupational settings, as long ago as 1940, to rely on this method to 
determine microbial levels in operating rooms. In pharmaceutical manu¬ 
facturing, wipe sampling has been used as an indicator of hygienic condi¬ 
tions since the 1960s. The health physics profession has utilized wipe sam¬ 
ples extensively as an indicator of the need for better housekeeping and 
decontamination; this group performed most of the early work in quan¬ 


tifying the relationship of wipe sample concentrations to dermal and oral 
uptake. 

Over the years, few papers have discussed how to collect and interpret 
wipe samples (ECETOC, 199!la, 1995b; Caplan, 1993; McArthur, 1992; 
Kissel el al., 1996a; Fenske, 1993). When (he primary effect of a chemical is 
skin discoloration, allergic contact dermatitis (ACD), or chloracne, wipe 
sampling was nearly always the preferred approach for assessing the accept¬ 
ability of the workplace (rather than relying on air samples) Beginning in 
the 1980s, a substantia! number of wipe .samples were collected in office 
buildings contaminated with dioxins and furans after electrical transformer 
fires to estimate the potential human exposure (Michaud et al., 1994). The 
interpretation of these data was often mishandled and, as a result, a number 
of deci-slons by risk nianageis were less than optimal, lesulling in significant 
unnecessary expenses. Today, bettor approaches arc available. 

Although wipe sampling data have generally been used as an indica¬ 
tor of cleanliness (Caplan, 1993), these data can also be used to estimate 
systemic uptake of a contaminant if the degree of skin contact with the 
contaminated surfaces is known. While historical wipe sampling methods 
were rather imprecise, they were useful for obtaining a rough estimate of 
the possible exposure, which could be refined laier by other means, such 
as biological monitoring. 

If one knows that wipe sampling results are representative of what 
comes into contact with the hands (i.e., actually able to be absorbed), then 
the procedures for converting wipe sample data to estimates of systemic 
uptake are straightforward (Brouwer & Van Hemmen, 1992). For example, 
if one knows the number of times a surface (e.g., valve handle, instrument 
controller, or drum) is touched, the siirf.ace area of the hand touching these 
items (usually the palm), and (he percutaneous chemical absorption rate, 
then the uptake can be estimated using wipe sample information. The best 
wipe sampling data were those collected in a reliable and consistent man¬ 
ner, with a focus on the mass per unit area. Hand wash sampling is often 
more representative than wipe samples (Fenske & Lu, 1994). 

Until recently, no standardized approaches existed for conducting wipe 
sampling. Differences in the use of wetting agent (acetone, methylene chlo¬ 
ride, water, saline, isopropanol, and ethanol) and sampling media (paper, 
Colton, and synthetic fibers) produced drastically different results. In some 
procedures, especially those that used methylene chloride (in which the 
paint was concurrently stripped by the solvent), the chemical in the paint 
matrix was assumed to be bioavailable (a completely unreasonable assump¬ 
tion). Clearly, much of the previous work, which measured the amount of 
chemical released following aggressive scrubbing of the contaminated sur¬ 
faces with detergent or solvent, did not reflect a realistic exposure scenario. 
Thus, there has been a need for standard techniques that attempt to mimic 
the conditions in which a hand comes into contact with a contaminated sur¬ 
face (McArthur, 1992). Some of the techniques have been developed by 
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hygienists involved in agricultural exposure assessment (Knaak et al., )'>S9; 
Lavy cl al., 1980, 1982; fbpendorf & leffingwell, 1982). 

In an attempt to fill this need, fairly sophisiic.'4ter| work to slandardue 
these procedures has been conducted by researchers at Rutgers University. 
In fact, some of their wipe sampling procedures and devices have been 
patented (Lioy et al., 1993). They have also developed a dry contact sam¬ 
pling device (Lioy et al., 1998) that offers promise tor understanding the 
hazard frorn surface dusts. The implications from recent wipe sampling 
research are that; (I) a minimum number of samples is needed to have 
statistical confidence; (2) the pressure appiied to the cloth during sample 
collection should be standardized; (3) neat solvent should not be used as 
a collection media; (4) the size of the sample area needs to be sufficient 
to colled enough contaminant for quanlification; ,and (9) the tochnique 
should be validated by rtsing glove analyses. 

Estimating the Dermal Uptake of Chemicals in Soil 

One of the most frequently occurring exposure scenarios involving en¬ 
vironmental exposures is that of contaminated soil (Paustenbach et al., 
1986). Unfortunately, dermal uptake of chemicals found on soil has rarely 
been evaluated experimentally (Leung & Paustenbach, 1994). A model lu 
estimate fhe amorjnt of an organic chemical in soil that crosses the stratum 
corneum into the unrieriying tissue layer has been developed (McKone, 
1990). To differentiate this absorptive process from bioavaiiabiiity, which 
also includes transport into blood, McKone refers to the percentage of avail¬ 
able chemical as an upiake fraction. The approach is based on the fugacily 
concept, which measures the tendency of a chemical to move from one 
phase m another. Because the skin has a fat content of about 10% and 
soil has an organic carbon content on the order of 1 to 4%, an organic 
chemical in soil placed on the skin will move from the soil to the underly¬ 
ing adipose layers of the skin. However, (his transfer depends on the period 
of time between deposition on the skin and removal by evaporative pro¬ 
cesses, The mass-transfer coefficients of the soil-to-skin layer and the soil- 
to-air layer define the rate at which these competing processes occur. 

Results of this model suggest that the chemical uptake fraction in soil 
varies with the exposure duration, soil deposition rate, and physical prop 
erties of the chemical, and is particularly sensitive to the values of as 
well as the mass or depth of soil deposited on the skin. When the amount 
of soil on the skirr Is low (<1 m^cm^), a high uptake fraction, approaching 
unity in some cases, is predictea. With higher soil loading (20 mg/cm“), an 
uptake of only 0-5% is predicted. Because of the diverse varialions of the 
uptake fraction with soil loading, results obtained from experiments with a 
single soil loading shoulri he aptilied with caution to human soil-exposure 
scenarif)s. 

The dermal uptake of chemicals in soil is a complex process, but Us be¬ 
havior is predictable if the conlmlling factors are accounted for and quan- 
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tified (leung & Pausicnhadi, 1994; McKone, 1990). In sitnations involving 
a relatively thin layer of a chemical on the skin for purposes of screening 
assessments, a few generalizations can be made. First, for chemicals with a 
high and a low ainwater partition coefficient, it is reasonable to assume 
1007.1 uptake in 12 h. Second, for chemicals with an airtwamr partition 
coefficient greater than 0.01, the uptake fraction is unlikely to exceed 40% 
in 12 h. Third, for chemicals with an air:water partition coefficient greater 
than 0.1, one can expect less than 3% uptake in 12 i>. In most occupalional 
settings, contaminated soil will rarely he in contact with the skin for greater 
than 4 h before it is washed off. Consequently, this should Ire accountetf for 
when attempting to predict systemic uptake 

Dermal Uptake of Chemicals in Soil 

To estimate chemical uptake, one needs to know the percutaneous 
absorption rate, the exposed skin area, the chemical concentration, and 
the exposure duration. One scenario would be a thin film of chemical on 
the skin. Poi tills finite-dose scenario, Fq. (5) is useful; 

Uptake (mg) = (C)(A)(x)(f)(t) (5) 

where C is the concentration of the chemical (mg/cm'), A the skin surface 
area (enr’), x the thickness of the film layer (cm), f the absorption rate 
(percent per hour), and t the duration of exposure (h). 

Another scenario would be an excess amount of a chemical on the 
skin (i.e„ infinite dose). In this case, the thickness of the chemical layer is 
not calculated and steady-stale kinetics .are assumed. For a chemical in 
an aqueous or gaseous media: 

Uptake (riig) = (C)lA)lK^J(t)tcD (6) 

where d is the distribution factor. 

For a neat liquid chemical. 

Uptake (mg) - (A)(/)(l) (7) 

where is the permeability coefficient (cm/h) and / the flux of chemical 
(mg/cm'‘-h). 

The U.S. EPA has suggested using the following equation for estimat¬ 
ing percuhnneous absorption of chemicals in soil (U.5- FPA, 1992b); 

Uptake (mg) = (CKAHrMB) (8) 

where C is the concentration of the chemical in soil (mg/gl, A the skin 
surface area (cm^), r the soil-lo-skin adherence rate (g/cm\ and B the 
cutaneous bioavailability (unitlessl. 
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Example Calculation 3: Skin Uptake of a Chemical in Soil A person 
gardens with soil contaminated on average with iiSt) ng dioxirt/soil 
ppb). Assuming that the person's hands and lower arms are in contact with 
the soil, the soil loading is equal to 0.2 mjycni^, and the cutaneous bio¬ 
availability of dioxin in soil is 1% (Shu et al, 1988), what is the plausible 
uptake of dioxin by this person losing Eq. (8)|? Assume that the person 
washes his or her hands every A h and the exposed area of skin is 1800 end. 


where; 


Uptake (ng) = (OiAUrKR) 


C = 250 ng/g 
A = 1800 cm’ 
r ~ 0.2 rng/enr’ 
B = 0.01 


By substitution: 

/250 ng TCDD 

Uptake 

= 0.9 ng rCDP 


) (lo^) <'’ 


Note: A preferred method for performing this calculation, if data are 
available, is to use a flux rate (ng/cm^-h) for the chemical. Assume that 
rate is 500 ng/tm'-h: 


where 


By substitution; 
Update = 


Upiake (ng) = {C)iJ){A){i) 


I = 500 ng/em'^-h 
t = 4 h 


'250 ng TCDD' 
1 g soil 




(1800 cm^ skin)(4h) 


/ 500ng \ 

- hj 


= 0.9 ng TCDD 


Uptake of Chemicals in an Aqueous Matrix 

Published estimates of dermal uptake of chemicals in water have gener¬ 
ally focused on evaluating workplace or environmental exposure. A number 


Source: https://www.i 


EXPOSURE ASSESSMENT; STATE-OF-THE-ART REVIEW 219 


of different scenarios has been evaluated (Scow et al., 1979; Byard, 1989; Jo 
et ah, 1988; Kerger & Kiustenbach, 1997; Kezic et a[., 1997J. If interested in 
the possible uptake of a chemical present in water, the amount of chlordane 
absorbed through the skin by a man swimming for 4 h in water containing 1 
ppb chloroform has been cstimatc'd do et al., 1988). This is useful to com¬ 
pare v.Trioos approaches. Tor example, the amount of chloroform absorbed 
by a boy swimming for 3 h in water has been calculated (Popendorf & 
Leffingwcll, 1982). Some have compared the amounts absorbed through the 
skin during a 10 min shower versus a 20-min bath with water containing 1 
ppb 1,1,1-trichlQrethane (Kerger & Fbustenbach, 2000). 

About 10 yr ago, it was recognized that in liie indoor environment, 
oral exposure to volatile chemicals present in drinking water may not nec- 
essaiily lepieseiil the vast inajoilly of the risk. Specifically, it was found 
that inhalation exposure due to the release of vapors from liquids to which 
people were in dose contact could be relatively iiigh. For example, com¬ 
parisons have been made of the chloroform concentration In exhaled 
breath after a shower to that after an inhalation-only exposure (Jo et al., 
1988). The concentration after showering was about twice that after the 
inhalation only exposure, indicating that the absorbed dose from the skin 
is approximately equivalent to that from inhalation absorption. 

Example Calculation 4: Skin Uptake of a Chemical From Water A per¬ 
son has filled his swimming pool with shallow well water contaminated 
with 0,002 mg/ml (2 pph) toluene. What is the plausible dermal uptake of 
toluene while swimming in the contaminated water for half an hour? Assume 
that 18,000 cm^ of skin is exposed and the ffj, is 1.01 cm/h. From tq. (6): 

Uptake = (C)(A)(K,,l(t)(d) 

where 

C = 0.002 mg/ml 
A = 18,000 cm^ 

K = 1.01 cm/h 
t = 0,5 h 

d= distribution factor (1 ml of water cuvets 1 uid) 

By substitution: 

Uptake = (0.002 mg/ml)(l 8,000 cm')(1.01 cm/h)(0.5 h)(l ml water/) cm*) 
= 18 mg 

Percutaneous Absorption of Liquid Solvents 

While the percutaneous absorption of chemical solutes generally pro¬ 
ceeds by simple diffusion, the skin uptake of neat chemical liquids is not 
necessarily exclusively governed by Fick'.s law. Consequently, the uptake 
of treat liquid through the skin needs to be estimated using direct in vivo 
skin contact techniques. Table 6 presents the percutaneous absorption rates 
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TABLE b. AliS(>r|)lii>n Ralc’S ijf Stmn: Nimi Induilii.ii Licjuicl Chcmkali 
iri ] luman ^kin |o Vcvo 


Chfffnir.i] 

AI>!i<frpiion r.ilf 

AriifitiL* 

{12-0.7 

Bcn/ciKr 


2.Bulox)>c(h.inol 

U.()5-0.r.8 

2'f.^>BuloxyL‘ihoxy)i‘}h<)nol 

tutr» 

Cdriron (iisulfidi.* 

9./ 

01 m et hy (I^CTcni t) n*) i<k.‘ 

*)A 

E(hyl!H‘nzonc 

21-2\ 

2'ElhL)xyLlhdnol 


2't2’EfhyoKyethoxyK'th»inol 

0.125 

MclharHil 

IIS 

2'Molhoxy<Mhiino( 

2.82 

2f2-Mcih<»xyeihoxy)elh.inol 

ll.2()6 

Methyl ljutyl kwone 


Nilf<>l>cnrcne 

2 

Styrene 

y-i.s 


14-2.1 

Xylene (mixed) 

4 

ni-XyJent? 

0.12-0. IS 


Nnie Fnim Lcuni> and Hauslc'nl)aLh ll'J'JT). 


of some neat industrial liquid solvents that have been determined in human 
volunteer studies. 

Example Calculation 5: Skin Uptake of a Neat Liquid Chemical Due 

to carelessness or a leak, the inside of a glove becomes contaminated with 
2-rnethoxyethanol. How much can be absorbed if a worker wears the conta¬ 
minated glove on one hand for half an hour? Assume the surface area of 
exposed skin is 360 cm-* and the flux rate is 2.82 mg/cnr’-h. from Eq. (7), 

Uptake = (A)(/)(t) 

where 

A = 360 cm^ 
f -2.Q2 mg/cm^-h 
t = 0.5 h 

By substitution. 

Uptake = (360 cin^)(2.82 mg/cm''-h)(0.5 b) 

= 508 mg 

To understand the relative hazard from skin exposure versus inhala¬ 
tion exposure, the dose of 2-methoxyethanol absorbed l)y the same worker 
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via inhalation for 8 h (10 m‘ of air inhaled), assuming a threshold limit value 
(TLV) of 1 6 nig/tni*, can be estimated and compared to the dose due to in¬ 
halation exposure. Assume an 80'Xi inhalation uptake efficiency. 

Inhalation uptake = (16 mg/ni')(]0 m'liO.S) 

= 128 mg 

Thus, the uptake of 2-methoxyethanol following 30 min of skin exposure 
of a single hand can he as much as 4 limes that from inhalation for 8 h at 
the TLV concentration, a presumably safe level of exposure. From this ex¬ 
ample, it is dear that the cutaneous route of entry can, in some situa¬ 
tions, significantly contribute to the lotai absorbed dose, especially in the 
occupational setting. 

Percutaneous Absorption of Chemicals in the Vapor Phase 

Until the 1990s, it was generally assumed that the plausible dose re¬ 
sulting from vapors absorbed through the skin was too low to pose a haz¬ 
ard. Only a few studies have examined this issue (Krivanek et al., 1978; 
Kezic et al., 1997; U.S. EPA, 1999a). A few clinical reports have encour¬ 
aged some limited in vivo research to evaluate the absorption of several 
chemicals in the gaseous phase through the human skin (Table 7). A cham¬ 
ber system to measure the whole-body percutaneous absorption of chemi¬ 
cal vapors in rats has been described by McDougal et al. 0990), and this 
approach has produced some interesting results (Mattie et al., 1994). In 

TABLE 7. r i-K UlfinfDus Al«t>rj>li(in K.Mcs fur VdjKHS In Vivo 

Pcrmcahiiiiy coefficient 


ChotnuLAl 

5l(in update 
in cYinilitncci 
Cx[>»Sure (*}<.)■' 

R.1I 

(cmrti) 

Human 

Styrene 

9.4 

1.75 

0,35-1.42 

m-Xylene 

3.9 

0.72 

0.24-0.26 

Tofuurk! 

i.7 

0J2 

0.18 

Perchluroc’lhvlenc 

3.5 

0.67 

0.17 

Benzene 

o.» 

U.15 

Q.OS 

Hakjihiine 

0.2 

0.0.S 


1 k*x,ine 

0.1 

001 


Isoffur.^ne 

0.1 

0,0.1 


Methyienc cl»lori4e 


0,'iH 


l)il>riimoniethiine 


L!2 


Bfumof hior<inK‘th4ne 


(179 


PheiTiol 



15.74-17.50 

Nilr<il)eiii(Cfne 



11-1 

1.1,1’Trk‘liloroethanc 



0,01 


Naif. K.tl fram McDau^at el al. 

'In innibinufi eiipo^ufu. mi& are i»inuilt.ineiuj<ily aifborbln^ Lhiimical vapors iiy iith.iliifliin anrf by 
vi'hofu-iror/y dhsorplioo rhroukjh iIk- sLin 
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this system, chemical flux across the skin is rietermined from the chemical 
concentration in blood during exposure by using a PBPK model. In most 
cases, vapor absorption through the skin amounts to less than of the 
total dose received from a combined skin and inhalation exposure. While 
there is good agreement between the rat and human in the relative ranking 
of the pcrnieabilrty coefficients arriong the chemicals studied, for an indi¬ 
vidual chemical the rat skin appears to be two to four times more perme¬ 
able than the human skin. These observations are consistent with previously 
reported data (Piotrowski, 1971, 1977; Shu et al., 1988; Bronaugh ei al., 
1982; Barber et a!., 1992). 

It is generally not necessary to account for the contribution from 
percutaneous uptake of vapors when the occupational exposure limit (OEL) 
is used as a guideline for acceptable exposure, because uptake of vapors 
through the skin is usually inherent in the data; that is, the studies of ani¬ 
mals or humans from which data were collecled were usually exposed 
via inhalation (whole body) so derma! uptake of the vapor occurred. How¬ 
ever, although good work practices and the law require that situations 
where persons are placed in atmospheres that aro life-threatening, were 
it not for a supplied air respirator, not occur, sometimes in emergency 
situations, airline (supplied air) respirators or self-contained breathing ap¬ 
paratus (SCBA) are worn in environments containing chemical concen¬ 
trations 10-fold to 1000-fold greater than the TLV. In these cases, it is im¬ 
portant to account for vapor uptake through either exposed or covered 
skin. 

Although nearly ail data on vapor absorption involve bare skin, the 
role of clothing in preventing skin uptake has occasionally been evaluated. 
For example, a study of workers wearing denim clolhing indicated no 
decreased uptake of phenol vapors (Piotrowski, 1971), but found a 20% 
and 40% reduction in uptake of nitrobenzene (Piotrowski, 1967) and ani¬ 
line vapors, respectively (Dutkiewicz & Piotrowski, 1961). Although stan¬ 
dard clolhing may slightly decrease the amount of a chemical transferred 
from air through the skin, it can be a significant source of continuous 
exposure if the clothing has been contaminated. 

Example Calculation 6: Skin Uptake of a Chemical Vapor Assume 
that a person needs to repair a leaking pump, so he enters a room 
wearing an airline respirator. Assume the room contains 500 mg/m^ 
nitrobenzene (100 times the current Tl.V) and it takes TO min to repair 
the pump. How much nitrobenzene might be absorbed through the 
skin? 

The head, neck, and upper limbs are assumed to be exposed (surface 
area = 4860 cmh, and the rest of the body (surface area = 13,140 cmh is 
covered with clothing. Assume the percutaneous of nitrobenzene is 
11.1 cm/h, and that the clothing has reduced the skin uptake rate of 
vapors by about 20% (Piotrowski, 1967). From Example 5, 
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Uptake = (C)(A>(K„)(t) 

Uptake through exjjosed skin = (500 mg/m‘)14860 cm’ld 1.1 cm/li) 

X (0.5 h)(l mVl()"cm') 

= 13.5 mg 

Uptake through clolhing = (500 mg/ni’)(13,i40 cm’jdl.l cm/h) 

X (0.8)(0.5 h)d mVl0"cm') 

= 29 mg 

Total uptake = 13.5 -r 29 = 42.5 mg 

From this example, it is clear that if one enters an environment con¬ 
taining a high concentration of an airborne contaminant, even if a sup- 
plied-air respirator is worn, the degree of skin uptake of the vapor may be 
worthy of evaluation to ensure that the worker is protected. Ihese kinds 
of calculations sometimes have to be conducted in difficuit work environ¬ 
ments that are in a state of alert (e.g., submarines, chemical plants during 
emergency situations, etc.). 

ESTIMATING INTAKE VIA INGESTION 

If the appropriate information is available, estimating the intake of 
various chemicals due to ingestion is a relatively straightforward exercise. 
In general, one is concerned with the ingestion of the foltowing media; 
drinking water, other liquids, food, soil, and house dust. Drinking-water 
conlaniinaiion may occur because of soil contamination from leaking 
underground storage tanks, landfills, or hazardous waste sites, as well as 
discharges from contaminated streams or water transport systems. Nearly 
all foods in Western society contain a number of intentional and uninten¬ 
tional chemicals, including pesticide residues, naturally occurring chemi¬ 
cals, and food additives that serve as preservatives or enhancers of taste 
or visual appeal. Soils are ingested as a result of eating incompletely 
washed vegetables, hand-to-mouth contact, and through direct ingestion 
by children. Soils are also ingested when particles too large to reach the 
lower respiratory tract are inhaled (and then are swallowed). House dust 
contaminated with a number of chemicals can be ingested due to contact 
with foods and hand-to-mouth activities (Paustenbach et al., 1997). 

Estimating Intake of Chemicals in Drinking Water 

Estimating the magnitude of the potential dose of toxics from drinking 
water requires knowledge of the amount of water ingested, the chemical 
concentrations in the water, and the chemical bioavailability in the gastroin- 
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testinal tract. The amount of water ingested per day varies witii each person 
and is usually related to the amount of physical activity. A good deal of liter¬ 
ature has addressed the amount of water ingested by persons engaged in dif¬ 
ferent kinds of activities (U.S. EPA, 1983-1980, 1985, 1907b). 

Currently, the U.S. EPA suggests that when little is known about the 
specifics of exposure, a value of 2 L/d for adults and 1 L/d for infants 
(body weight of less than If) kg) should be used as the default value. These 
rates include drinking water consumed in the form of juices and other 
beverages. 

Numerous studies cited in the U.S. EPA Exposure factors Handbook 
(U.S. EPA, ]996d, 1996e) have generated data on drinking-water intake 
rates, in general, these sources support the U.S, EPA use of 2 L/d for adults 
arid 1 L/d for children as upper percentile tap-water intake rates. Many 
of the studies have reported fluid intake rales for both total fluids and 
tap water. Total fluid intake is defined as consumption of all types of 
fluids including tap water, milk, soft drinks, alcoholic beverages, and 
wafer intrinsic to purchased foods. Total tap water is defined as wafer 
consumed directly from the tap as a beverage or used to prepare foods 
and beverages (i.e., coffee, tea, frozen juices, soups, etc,). Data for both 
consumption categories are presented in numerous publications. Table 
8 presents typical information reported from these studies (U.S. EPA, 
1992c). 

All currently available studies on drinking water intake are based on 
short-term survey data. Although short-term data may be suitable for 
obtaining mean intake values that are representative of both short- and 
long-term consumption patterns, upper percentile values may be different 
for short-term and long-term data because there is generally more vari¬ 
ability in short-term surveys. It should also be noted that most of the cur¬ 
rently available drinking water surveys are based on recall. This may he a 
source of uncertainly in the estimated intake rates because of the subjec¬ 
tive nature of this type of survey technique (U.S. EPA, 1992c). 
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To estimate the intake of toxics via direct ingestion of drinking water, 
the calculation is straigiitforward: 

Intake = (MlGld) 

where 1/ is the volume of water (L/d), C the concentration of chemical in 
water (pg/L), and B the bioavailability (unitless). 

One of the more interesting observations of the past IS yr is that 
ingestion of contaminated drinking water i.s sometimes not the primary 
route of exposure to the toxicant in drinking water. Uptake of volatile 
chemicals via inhalation can be nearly as great in some homes as inges¬ 
tion, which Is the result of the presence of these chemicals in air due to 
showering, off-gases from the dishwasher, and other opportunities for 
volatilization of the chemical l)o el ah, 1988; Kerger & Paustenbach, 
2000; Kezicetah, 1997; U.S. tPA, 1999a; Mattie el al., igg'l). 

The Importance of Soil Ingestion When Estimating Human Exposure 

Between 1980 and 1998, predicted risks associated with the ingestion 
of contaminated soil were the primary drivers for remediating many (if 
not most) hazardous waste sites. As discussed by Paustenbach et al. (1986), 
there was no better example than the site in Times Beach, MO. Hundreds 
of millions of dollars can be needed to clean up these kinds of sites to 
levels that would not pose a significant risk if children actually ate signifi¬ 
cant quantities of contaminated soil. Because of the expense of remedia¬ 
tion, a good deal of research has been conducted over the past 15 yr to 
attenipt to quantitatively understand this route of exposure. 

Clearly, the ingestion of soil and house dust is a potential source of 
human exposure to toxicants (Roberts & Dickey, 1998; Roberts et ah, 1992, 
1993). The potential for contaminant exposure via this source is greater 
for children because they are more likely to ingest greater quantities of 
soil than adults. Inadvertent soil ingestion among children may occur 
through the mouthing of objects or hands. Mouthing behavior is consid¬ 
ered in be a troimal phase of cliildlioud development. Adults may also 
ingest soil or dust particles that adhere to food, cigarettes, or their hands. 
Deliberate soil ingestion is defined as pica and is considered to be rela¬ 
tively uncommon. Because normal, inadvertent soil ingestion is more prev¬ 
alent and data for individuals with pica behavior are limited, the focus of 
most exposure assessments is on normal levels of soil ingestion that occur 
as a result of mouthing or uninlentional hand-to-mouth activity (U.S. EPA, 
1992c; Paustenbach et ah, 1986; Copelandet ah, 1993; Kimbrough et ah, 
1984). 

Mouthing activities by children, which are generally accepted as nor¬ 
mal and commonplace )e.g., Barlirop (1966) estimated that almost 80% 
of all children at age 1 yr exhibited mouthing tendencies!, are potential 
exposure routes to trace amounts of sot! and/or dust adhering to fingers. 
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hands, and objeHs placed in the mouth. Tlie available data indicate that 
soil exposure occurs through several indirect routes; 

1. Soil contributes to house dust (e.g., by local dust tiepnsilion, and mud 
and dirt carried in by shoes and pets, etc). 

2. House dust (line particles) adheres to objects and to children's hands. 

3. Children ingest dust particles when sucking and mouthing objects and 
fingers. 

Obviously, in some situations, exposure may be direct <a child playing 
outdoors may eat dirt directly). In other situations, oral exposure to chem¬ 
icals in soil may occur via contamination of domestic water supplies or 
contamination of fruit and vegetable produce grown imsiie- However, the 
content and concentration of dusts in the indoor environment, which may 
represent the most important source of indirect exposure to soil, need to 
be belter understood (Rausienbach ct al., 1997b; El Saadi & Langley, 1994). 

Many studies have been conducted to estimate the amount of soil in 
gested by children. Most of the early studies attempted to quantify the 
amount of soil ingested by measuring the amount of dirt present on chil¬ 
dren's hands ana making generalizations based on behavior. More re¬ 
cently, soil intake studies have been conducted using a methodology that 
measures trace elements in feces and soil that are believed tu be poorly 
absorbed in the gut. These measurements are used to estimate the amount 
of soil ingested over a specified period of lime. 

Studies of Soil Ingestion 

In light of the importance of soil ingestion for estimating human expo¬ 
sure to contaminated soil, several literature surveys have been undertaken 
to identify the typical amount of soil consumed by children and adults 
(U.S. EPA, 1992c, 1996c; Paustenbach et al., 1986; El Saadi & Langley, 
1994; Kimbrough el al., 1984). Research evaluating lead uptake by chil 
drerr from ingestion of contaminated soil, paint chips, dust, and plaster 
provides the best source of information. Walter el al. (1980) estimated 
lhat a normal child typically ingests very small quantities of dust or dirt 
ixelwcen the ages of 0 to 2 yr, the largest quantities between 2 to 7 yr, and 
nearly insignificant amounts thereafter. In the classic text by Cooper (1957), 
it was noted that the desire of children to eat dirt or place inedible ob 
jects in their mouths becomes established in the second year of life and 
disappears more or less spontaneously by the age of 4 to 5 yr. A study by 
Charney et al, (1980) also Indicated that mouthing tends to begin at about 
18 mo and continues through 72 mo, depending on several factors such 
as nutritional and economic status, as well as race. Work by Sayre ct al. 
(1974) indicated that ages 2 to 6 yr are the important years, but that 
"intensive mouthing diminishes after 2 to 3 years of age." 

An important distinction that is often blurred is the difference be¬ 
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tween the ingeslion of very small quantities of dirt due to mouthing ten¬ 
dencies and the disease known as pica. Children who intentionally eat large 
quantities of dirt, piaster, or paint chips (1 to 10 g/d), and consequently are 
at greater risk of developing health problems, can he said to suffer from the 
disease known as [lica. This disease is known as gerjjthagia if the craving is 
for dirt alone. Gcophagia, rather than pica, is generally of greatest concern 
in areas with contaminated soil. 

Duggan and Williams (1977) have summarized the literature on the 
amount of lead ingested through dust and dirl. In Iheir opinion, a quantity 
of 50 pg of lead was the best estimate for daily ingestion of dust by chil¬ 
dren. Assuming, on the high side, an average lead concentration of 1000 
ppm would indicate a soil and dust ingestion rale of 50 mg/d. Lepow et al. 
(1974) estimated an ingestion rale equal to 100 to 250 mg/d (5pecifio,Tlly, 
10 mg ingested 10 to 25 times a day). Barllrop (1966) and Barltrop et al. 
(1975) also estimated lhat the potential uptake of soils and dusts by a tod¬ 
dler is about 100 mg/d. In a Dutch study, the amount of lead on hands 
ranged from 4 to 12 ng. By assuming maximum lead concentrations of 500 
pg/g (concentrations were typically lower) and complete ingestion of the 
contents adsorbed to a child's hand on 10 separate occasions, the amount 
of ingested dirt would equal 240 mg. Thus, in Order to eat 10,000 mg soil/ 
d, the rale once suggested by the Center for Disease Control (Kimbrough et 
al., 1904), children would have to place their hands into their mouths 410 
times a day, a rate that seems improbable (National Researtfi Council, 
1974; Paustenbach, 1987), 

A report by the National Research Council (1974) addressing the haz¬ 
ards of lead suggested a rate of 40 mg/d. Day et al. (1975) measured the 
amount of dirt transferred from children's hands (age range from 1 to 3 yr) 
to a sticky sweet, and estimated a daily intake of 2 to 20 sweets would 
lead to dirt intake of 10 to 1000 mg/d. Bryc.e-Smilh (1974) estimated .33 
mg/d. In its document addressing lead in air, the U.S. EPA assumed that 
children ate 50 mg/d of household dust, 40 mg/d of street dust, and 10 
mg/d of dust derived from their parents' clothing (i.e., a total of 100 mg/d). 

Kimbrough el al. (1984) used a series of assumptions about soil expo¬ 
sure when estimating the possible risks of contaminated soil at Times Beach, 
MO, based upon unpublished observations about children's behavior and 
hand-mouth activity, A few years later, Kimbrough noted that their esti¬ 
mate o( up to 10,000 ntg/d was clearly an exaggeration and )ier personal 
estimate would be nearer 50 mg/d (£1 Saadi & Langley, 1994). 

La Goy (1987) based his soil ingestion estimates upon a review of the 
literature, in particular using empirical data derived by Binder et al. (1986) 
and Van Wijnen et al. (1990). Similarly, Paustenbach et al. (1992b) based 
their estimates upon a review of the literature, including the mass-balance 
quantitative study conducted by Calabrese et al. (1989). 

De Silva (1991, 1994) adopted a different approach that may over¬ 
come some of the uncertainties inherent in the assumptions of the above 
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indirect studies. She applied a "slope factor" increase of 0.6 pg/dl in chii 
dren's blood lead levels for each 1000 ppm increase in soil lead [this fac¬ 
tor was developed by Barltrop et al. (1975) following his work on blood 
lead levels in children from villages on old mining sitesl. De Silva then 
deduced that an increase of 0.6 pg/dl in blood indicates an extra oral 
intake of 3.75 pg iead/d, based upon a U.5. EPA (1986} calculation that 
an increase of 1.0 pg lead/d in children's diets produces an increase of 
0.16 in the blood lead level. With a soil lead value of 1000 ppm, 3.75 mg 
soil would contain 3.75 pg lead, suggesting that 3.75 mg/d Isay 4 mg) of 
soil was ingested by the children. However, the slope factor used here 
may not be the most appropriate, since mining soil wastes typically fiave 
larger sized particles, whicn tends to decrease lead hioavailability com¬ 
pared with soli contaminated by lead smelter activity, and therefore re¬ 
duces the slope factor. 

A major step forward beyond estimating soil ingestion using indirect 
measurements was the attempt to study tracer elements found in soil with 
elements measured in the urine and feces of children. Several studies 
have been conducted thus far that have used this approach (Binder el al., 
1986; Calabrese etal., 1989, 1990, 1996; de Silva, 1991, 1994; Stanek & 
Calabrese, 1991; Calabrese & Stanek, 1991; Stanek & Calabrese, 1995a, 
1995b, 1995c). In one early tracer study, evaluated the amount of soil 
eaten by 24 hospitalized and nursery-school children. They analyzed the 
amount of aluminum, titanium, and acid-solubic residue in the feces of 
children aged 2 to 4 yr. The data were normally distributed. They found 
an average of 105 mjyd of soil in the feces of nursery children, and 49 
mg/d in hospitalized children. Even with the limited number of children 
in the study, the difference between the two groups was significant {p < 
.01). If the value for the hospitalized children is assumed to be the back¬ 
ground level because these substances are taken in from nonsoil sources 
(e.g., diet and toothpastes), the estimated average amount of soil ingested 
hy the nursery school children would he 56 mg/d. This value is in the 
lower range of estimates in the literature and supports the use of 100 mg/d 
as a conservative uptake of soil by toddlers (ages 2 to 4 yr). 

There have been two major studies completed by Calabrese et al. 
(1989, 1990, 1996; Stanek & Calabrese, 1991; Calabrese ^ .Stanek, 1991; 
Calabrese et ai., 1997; Calabrese & Stanek, 1998; Stanek et ah, 1907). in 
the first, they quantitatively evaluated 6 different tracer elements in the 
stools of 65 school children aged 2 to 4 yr. They attempted to evaluate 
children from diverse socioeconomic backgrounds. This study, conducted 
in Massachusetts, was more definitive than prior investigations because 
they analyzed the children's diets, assayed for the presence of tracers in 
the diapers, assayed house dust and surrounding soil, and corrected for 
the pharmacokinetics of the tracer materials. 

In (he second study, soil ingestion estimates were obtained from a 
stratified, simple random sample of 64 children aged 1-4 years residing 
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on a superfund site in Montana. The study was conducted duiing the 
moitlli of September for 7 consecutive days (Calabrese et al., 1997). Soil 
ingestion was estimated by each soil tracer via iradiiional methods as 
well as by an improved approach using five trace elements (Al, Si, Ti, Y, 
and Zr), called the Best Tracer Method (BTM), which substantially cor¬ 
rects for error due to misalignment of tracer input and output as well as 
error occurring from ingestion of tracers from nonfood, nonsoil sources, 
while being insensitive to the particle size of the soil/dust ingested- Accord¬ 
ing to the BTM, the median soil ingestion was less than 1 nig/day while 
the upper 95% was 160 mg/day. No significant ago (1 year vs. 2, vs. 3) or 
sex-related differences in soil ingestion were observed. These estimates ■ 

are lower than estimates observed in the first study, which was conducted I 

in New England during September and October. 

Based on the series of papers by Caiabrese ot al. (Calabrese et at., 1989, 

1990, 1996; Stanek & Calabrese, 1991; Calabrese & Stanek, 1991, 1990), a 
few generalizations can be made. These studies were difficult to conduct 
and interpiet. Second, only childien fioin a single cliinaie weie studied, and 
it can be expected that rates vary with the amount of lime spent indoors and 
outdoors. Third, only a handful of children have been studied (less than 
500), so it is not possible to characterize the percentage of children who 
might tend to ingest large quantities of soil or house dust. Fourth, the rele¬ 
vant amount of soil or house dust ingested intioors versus outdoors is not 
known yet. In most cases, the contaminant concentrations in dust can be 
quite different when found in a carpel versus the yard (Paustenbach et al„ 

19971)). Fiflli, although there is some degree of uncertainty in the results of 
the various studies, it apfrears that a best estimate of soil intake for most chil¬ 
dren resides in the area of 10 to 25 mg/d. It appears that perhaps 1 to 5% of 
the children may ingest much larger amounts during certain d,iys nr weeks 
(e.g., 2000 mg/d), but these tendencies Ho not occur on a chronic basis. 

The issue of how much soil and house dust children eat, as well as 
the percent of children who are engaged in these activities, has been an 
active area of research. These researchers have proposed that one can 
estimate uptake over the period of one year and they have proposed life¬ 
time values (Stanek & Calabrese, 1995a). Recent work by Calabrese and 
Stanek (1998) suggests that prior work yielded reasonable results for pur¬ 
poses of risk asSessmetil. Most of the values discussed here are presented 
in Table 9. As discussed previously, another area of research impacting 
exposure assessments of contaminated soil, which has been and contin¬ 
ues to be actively pursued, is the hioavailability of the contaminant in the 
soil matrix (Hrudey cl al., 1996). 

What is the Significance of Pica? 

There ap|)ears to be some confusion in the literature over what consti¬ 
tutes "pica." Pica can be defined as "the habitual ingestion of substances 
not normally regarded as edible," but some authors have included mouthing 
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TABLE 9. Valuc-i ChililtiuiKl and Atiull Soil ln(jMii)n Kales That Hawu Bwn Useii in Health Kisfe 
Asses$men1& Conducted Uetwwn and 2000 
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and sucking activities in their definiticins (e.g., I.ourie & Caymati, ]9bi). 
Others appear to assume that all childrfjn with pica necessarily must be 
habitual soil eaters, in fact, pica behavior may be generalized to the in¬ 
gestion of many different (nonfood) substances, or may be specific to one 
substance such as paper, soap, or earth. It is likely that repetitive pica behav¬ 
ior specifically for dirt, or habitual "geophagia," rarely occurs in the general 
population in most Industrialized countries (Taylor, 1983; Danford, 1982). 

Pica should, therefore, be considered a "normal" temporary pbenorne- 
non in some children. In the general population, the prevalence of bolfi 
mouthing and pica, and the range of articles ingested, has been shown to 
decrease with age (Barltrop, 1966). In the 1-yr-oTd age group, 78% of chil¬ 
dren mouthed rejects and 357u Ingested them; this behavior decreased at 
the age of <t yr, when 337u were mouthing and only 67o had pica, 

It is also relevant to note that in certain circumstances, pica for soil 
may he culturally determined (such as eating clay, high in silicon and alu¬ 
minum, for its medicinal properties in the relief of stomach discomfort 
and diarrhea by some Aborigines; or the custom of eating earth during 
pregnancy in certain cultures) (El Saadi & Langley, 1994). For example, 
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some women in the southern portions of the United States report a crav¬ 
ing for and eat certain clays during pregnancy. 

Pica may be associated with physical disorders, including iron defi- 
cietTCy. 1 lowever, it has been debated whetlier pica represents a cause or an 
effect of these deficiencies. Pica can also be associated with mental illness. 
It has also been reported that 25% of institutionalized mentally handicapped 
adults indulged in pica of one kind or another (including bizarre objects 
ranging from rags and string to rocks, insects, and feces) (Danford, 1982). 

Calabrese and Stanek (1998) have indicated that in their studies, they 
have observed great variability in soil ingestion by children. They have 
noted, for example, Ihat some children are highly variable in their soil inges¬ 
tion activities, displaying little propensity for soil ingestion on one day while 
ingesting copious amounts the next day. While there has not been any con¬ 
certed focus on the soil pica child, the available data indicate that some 
children ingest over 50 g of soil on particular days. They note that while it is 
true that some children will ingest large amounts of soil, it is far from certain 
whether soil pica is behavior that only a small subgroup displays over a lim¬ 
ited number of years (e.g., one to six) or whether most children, on occa 
sion, display this behavior or some combination of both behavioral patterns. 
Clearly, additional work is needed to understand tliis topic. 

Soil Ingestion by Adults 

For most persons beyond the ages of 5 to 6 yr, the daily uptake of dirt 
due to intentional ingestion is generally thought to be quite low. With tlie 
exception of some lower income persons who eat clays due to tradition or 
mineral deficiency, adults will not usually intentionally ingest dirt or soil. 
I lowever, there are two other important ways in which adults eat dirt—inci¬ 
dental hand-to-mouth contact and through dust on vegetables. It has been 
shown that most soil ingested from crops comes from leafy vegetables, 
interestingly, investigations at nuclear weapons trials have shown that parti¬ 
cles exceeding 45 pm are seldom retained on leaves. Further, superficial 
contamination by smaller particles is readily lost from leaves, usually by 
mechanical processes or rain, and certainly by washing (Russell, 1966). As 
a result, unless tiie soil contaminant is absorbed into tne plant, superficial 
contamination of plants by dirt will rarely present a health hazard (Martin, 
1964; Paustenfaach et al., 1986). 

The estimated deposition rate of dust from ambient air in rural environ¬ 
ments is about 0.012 pg/cm^-d, assuming that rural dust contains about 300 
pg/g of lead (the substance for which these data were obtained). The U.S. 
EPA has estimated that even at very high air concentrations (0.45 mg/m’ 
total dust), it is unlikely that surface deposition alone can account for more 
than 0,6 to 1.5 pg lead/g dust (2 to -5 pg/g lettuce) on the surface of let¬ 
tuce during a 21 -d growing period (Raustenbach et ah, 1986). These data 
suggest that daily ingestion of dirt and dust by adults due to eating veg¬ 
etables is unlikely to exceed about 0 to 5 mg/d even if all of the 137 g of 
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loafy anii rant vegetables, sweet corn, .ind potatoes consumed by adult 
males each day were replaced by family garden products. 

In its document on lead, the U.S. EPA used worst-case assumptions to 
estimate that persons could ingest up to lOO pg of lead each day due to 
unwashed vegetables. The actual uptake by arlults from vegetables should 
actually be much less, and is probably negligible, because the U.S. EPA 
estimate assumed that all of the suspended dust is contaminated; persons 
do not wash the vegetables; garden vegetables are eaten throughout the 
year, rather than only during the growing season; and persons actually re¬ 
place most vegetables with their own garden products. 

With respect to the second route—incidental ingestion—only a very 
limited amount of work has been conducted which addresses dust inge.s- 
tion via this route. It has been suggested that the primary route of uptake 
will be through accidental ingestion of dirt on the hands, which may be 
of special concern to smokers, who tend to have more frequent hand-to- 
mouth contact. It is triio that before the importance of this route of entry 
was recognized, persons who worked in lead factories between 1890 and 
J920 probably received a large portion of their body burden of lead due 
to poor hygiene and ingestion of dust; however, such conditions are now 
rare in the United States and most developed countrics. 

Some persons have evaluated the exposure experience of agricultural 
workers who apply or work with pesticide dusts. Due to the fiequeiicy 
and degree of pesticide exposure during its manufacture or application, 
these data do not appear to be appropriate surrogates for estimating soil 
uptake from the hands of persons who live on or near sites having conta¬ 
minated soil. In addition, most of the published studies on pesticides in¬ 
volve liquids such as llie organophosphates, rather than "soil-like" parti¬ 
cles. Exposure studies of persons who apply granular pesticides might be 
more useful for defining upper bound estimates of dermal exposure than 
estimates based on dusty workplaces (Knarr el al., I985). 

At least one study has been conducted to specifically address soil 
uptake by adults involved in remediating waste sites (Proctor et ai., 1997; 
Stanek & Calabrese, 199Sc; Calabrese A Stanek, 1998; also see Tartarian 
et al., 1998). The results suggest that the amount of soil eaten by these 
workers is much less than the default value of 100 mg/d suggested by the 
U.S. EPA in a number of guidance documents and risk assessments. Based 
on all the available data, it appears that a value of 5-25 mg/day for soil 
ingestion by most adults is a reasonable one. 

Estimating the Intake of Chemicals Via Food 

Without question, the information necessary to accurately estimate 
the ingestion of xenobiotics via foods is one the most complex of all ex¬ 
posure calculations. The hundreds of different possible foods and dozens 
of different chemicals that can be present as a pesticide residue, coupled 
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with the background concentrations of various chemicals in soil, make 
this a formidable task. 

The methodology for estimatirig uptake via ingestion must account for 
(he quantity of food ingested each day, the concentration of contaminant 
in the ingested material, and the bioavailability of the contaminant in the 
media. Over the past 20 yr, a significant amount of work has been directed 
at understanding these exposure factors. Specifically, an entire volume of 
the U.S. EPA Exposure Factors Handbook (Volume II) is devoted to this 
topic (U.S. EPA, 1997b). 

The approach to estimating uptake via foods was first applied in the late 
1940s by the Food and Drug Administration (U.S. Department of Agri¬ 
culture lUSDAI, 1972) and had not changed appreciably through 2000. 
However, because of the passage of the Food Quality Prolection Act of 
1996 (FQPA), the methodology for estimating uptake of chemicals from 
foods will be changing dramatically over the next 5-10 yr. Specifically, the 
FQPA requires that all pesticide residues from foods be added together, in a 
prescribed manner based on target organ, with the goal of understanding 
the total daily dose of all residual pesticides in the diet. Then, if necessary, 
the pesticide manufacturers are expected to calculate the necessary residue 
level that their chemical may have in a particular food so dial the total dose 
does not exceed a fraction of the acceptable daily intake (ADI). Since there 
are hundreds of foods and dozens of residues, this presents a formidable 
challenge. 

Ingestion of contaminated fruits and vegetables is a potential pathway 
of human exposure to chemicals. Fruits and vegetables may become con¬ 
taminated by several different pathways. Ambient air pollutants may be 
deposited on or absorbed by plants, or dissolved in rainfall or irrigation 
waters that contact the plants. Plant roots may also absorb pollutants from 
contaminated soil and groundwater. The addition of pesticides, soil addi¬ 
tives, and fertilizers may also result in food contamination (U.S. EPA, 
1997h). Formulas are available to predict the concentration of chemicals 
from the soil, which have deposited from the air, and remain after treat¬ 
ment with a pe.sticide. 

The primary information source on consumption rates of fruits and veg¬ 
etables among the U.S. population is the U.S. Department of Agriculture 
(USDA) Nationwide Food Consumption Survey (NFCS) and the USDA Con¬ 
tinuing Survey of Food Intakes by Individuals (CSFII). Data from the NFCS 
have been used in various studies to generate consumer-only and per-capila 
intake rates for individual fruits and vegetables, as well as total fruits and 
total vegetables. CSFII data from the 1989-1991 survey have been analyzed 
by the U.S. EPA to generate per-capifa intake rates for various food items and 
food groups (U.S. EPA, 1984, 1997b; USDA, 1980). 

Consumer-only intake is defined as the quantity of fruits and vegetables 
consumed by individuals who ate these food items during the survey period. 
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f^r-rapita intakfi ralos are j]ener.ilerl hy averapjng ronsirmer-nnly inlakes 
over the entire population of users and nonusers. In general, per-capiia 
intake rates are appropriate for use in exposure assessment for which aver¬ 
age dose eslimales for the general population are of inleresl, because they 
represent both individuals who ate the foods during the survey period and 
individuals who may eat the food items at some time but did not consume 
them during the survey period. Tutat fruit intake refers to the sum of all 
fruits consumed in a day, including canned, dried, frozen, and fresh fruits. 
Likewise, total vegetable intake refers to the sutn of all vegetables con¬ 
sumed in a day, including canned, dried, frozen, and fresh vegetables. 

Intake rates may be presented on either an as-consumed or a dry- 
weight basis. As-consumed intake rates (g/d) are based on the weight of 
food in the form in wltich it is consumed, in contrast, dry-weight intake 
rates are based on the weight of food consumed after the moisture con¬ 
tent has been removed. In calculating exposures based on ingestion, the 
unit of weight used to measure the contaminant concentration in the pro- 

rture wilt vary. Intake data from the individual NFCi and rSFII compo¬ 
nents are based on "as eaten" (i.e., cooked or prepared) forms of the food 
items or groups. Thus, no corrections arc required to account for changes 
in portion sizes from cooking losses (USDA, 1 992; Pao et al., 1982). 

Estimating source-specific exposures to chemicals in fruits and vegeta¬ 
bles may also require information on the amount of fruits and vegetables 
exposed to or protected from contamination as a result of cultivation prac¬ 
tices, the physical nature of the food product itself (i.e., those having pro¬ 
tective coverings itial are removed before eating would be considered pro¬ 
tected), or the amount grown beneath the soil (i.e., most root crops such 
as potatoes). The percentages of foods grown above and below ground 
will be useful when the contaminant concentrations in foods are estimated 
from concentrations in soil, water, and air. For example, vegetables grown 
below ground would mote likely be contaminated by soil pollutants, but 
leafy above-ground vegetables would more likely be contaminated by de¬ 
position of air pollutants on plant surfaces. Some examples of various ex¬ 
posure factors and confidence ratings for liquids and food are presettled in 
Table lOfU.S. EPA, 1997b). 

Individual average daily intake rates calculated from NFCS and CSFII 
data are based on averages of reported individual intakes over 1 d or 3 
consecutive days. Such short-term data are marginally suitable for esti¬ 
mating mean average daily intake rates representative of both short-term 
and long-term consumption. However, the distribution of average daily 
intake rates generated using short-term data (e.g,, 3 day) does not neces¬ 
sarily reflect the long-term distribution of average daily intake rates. The 
distributions generated from short-term and long-term data will differ to 
the extent that each individual’s intake varies from day to day; the disirib 
utions vvil) be similar to the extent that individuals' intakes are constant 
from day to day (U.S. EPA, 1997b). 
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Day-lo-day intake variation amonfj individuals will be greatest tor 
food items or groups that are highly seasonal, and for items or groups tltal 
are eaten year-round but are not typically eaten every day. For these 
foods, the intake distribution generated from short-term data will not 
reflect long-term distribution. On the other hand, for frroad categories of 
foods (e.g., vegetables), which arc eaten on a daily basis throughout the 
year with minimal seasonality, the short-term distribution may he a rea¬ 
sonable approximation of the true long-term distribution, although it will 
show somewhat more variability. 

Other relevant fruits and vegetables intake studies include the U.S. 
EPA Dietary Risk Evaluation System (DRES), Office of Pesticide Programs 
(OPP). The OPP uses the DRES (formerly the loletance Assessment Sys¬ 
tem) to assess the dietary risk of pesticide use as part of (he pesticide regis¬ 
tration process (USDA, 1992; Pao et al., 1982). The OPP sets tolerances for 
specific pesticides on raw agricultural commodities based on estimates of 
dietary risk. Ihese estimates are calculated using pesticide residue data 
for the food item of concern and relevant consumption data. Intake rates 
are based primarily on the USDA 1922-1978 NTCS, although intake rates 
for some food items are based on estimations from production volumes or 
other data (i.e., some items were assigned an arbitrary value of 0.000001 
g/kg-d) (U.S. ERA, 199751. The OPP has calculated per-capita intake rates of 
individual fruits and vegetables for 22 subgroups of the population {age, 
regional, and seasonal) by determining (he composition of NFCS food items 
and disaggregating complex food dishes into their component raw agricul¬ 
tural commodities (RACs) (U.S. EPA, 1997b; White etai., 198J). 

The advantage of using these data is that complex food dishes have 
been disaggrpg,itcd to provide intake rates for a very large number of 
fruits and vegetables. These data are also based on the individual body 
weights of the respondents. Tlierefore, using these data to calculate chemi¬ 
cal exposure may provide more representative estimates of potential dose 
per unit body weight. However, because the data are based on the NFCS 
short-term dietary recall, the same limitations discussed previously for other 
NFCS data sets also apply here. In addition, consumption patterns may 
have changed since the data were collected in 1977-1978. The OPP is in 
the process of translating consumption information from the USDA CSFIl 
1989-1991 survey to be used in DRES (U.S. EPA, 19g7b). 

The USDA has also conducted a study entitled Food and Nutnent 
Intakes of Individuals in One Day in the U.S. (U.S. EPA, 1997b; USDA, 
1980). The USDA calculated mean intake rates for total fruits and total 
vegetables using NFCS data from 1977-1978 and 1987-1988, and CSFll 
data from 1994-1995 (U.S. EPA, 1997b; USDA, 1980). Mean per-capit.i 
total intake rates are based on intake data for 1 d from the 1977-1978 
and 1987-1988 USDA NFCS, respectively. Data from both surveys are 
presented in the Exposure Factors Handtx)ok to demonstrate that although 
the 1987-1988 Survey had fewer respondents, the mean per-capita intake 
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rales for all individuals agree wjfh the earlier survey. Also, slightly differ¬ 
ent age classifications were used in the Iwo surveys, providing a wider 
range of age categories from wtiich exposure assessors may select aitpro- 
priate intake rates. The age groups used in this data set are the same as 
those used in the 1987-1988 NFCS. Information for [5cr-capita intake 
rales and consumer-only intake rates for various ages of individuals is 
also available, intake rates for consumers-only were calculated by divid¬ 
ing the per-capita consumption rate by the fraction of the population using 
vegetables or fruits in a day (U.S. EPA, 1997b). 

The advantages of using these data are that they provide intake estimates 
for all fruits, all vegetables, or all fats combined. Agairi, these estimates are 
based on 1 -d dietary data which may not reflect usual consumption patterns 
(U.S. EPA, 1997b). 

intake of Fish and Shellfish 

Contaminated finfish and shellfish are potential sources of human ex¬ 
posure to persistent chemicals and metals. Pollutants are carried in surface 
waters, but also may be stored and accumulated in sediments as a result of 
complex physical and chemical processes. Consefjuently, various aquatic 
species can be exposed to pollutants and may become sources of contami¬ 
nated food (U.S. EPA, 1997b). 

Accurately estimating exposure to various chemicals in a population 
that consumes fish from a polluted water body requires an estimation of 
caughl-fish intake rates by fishermen and their families. Commercially 
caught fish are marketed widely, making the prediction of an individual's 
consumption from a particular commercial source difficult. Because the 
catch of recreational and subsistence fishermen is generally not diluted in 
this way, tirese individuals and their families represent the population that 
is most vulnerable to exposure by intake of contaminated fish from a spe¬ 
cific location (U.S. EPA, 1997b). 

Over the years, fish consumption survey data have been collected using 
a number of different approaches, which need to be considered when inter¬ 
preting the survey results. Generally, surveys are either "creel" studies in 
which fishermen are interviewed while fishing or broader population sur¬ 
veys (using mailed questionnaires or phone interviews). Both data types 
can be useful for exposure assessment purposes, but somewhat different 
applications and interpretations are needed. In fact, creel study results have 
often been misinterpreted because of inadequate knowledge of survey prin¬ 
ciples (U.S. EPA, 1997b: Puffer etal., 1981; Price efai., 1994). 

The typical survey seeks to draw inferences about a larger population 
from a smaller sample of that population. TTic larger population from which 
the survey sample is taken and to which the survey results are generalized 
describes the target population of the survey. In order to generalize from 
the sample to the target population, the probability of being sampled must 
be known for each member of the target population. This probability is 
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reflected ii) weights assigned to each survey lespondent, with weights being 
inversely profiorfional to sampling piobabiliiy. When all members of the tar¬ 
get population have the same probability of being sampled, ail weights can 
beset to 1 and essentially ignored (Ruffle et al., 1994; Ebertet al„ 1993). 

In a mail or phone study of licensed anglers, the target po|)ula(ion 
generally involves all licensed anglers in a particular area, and in these 
studies, the sarnpiing probability is essentially equal for all target popula 
tion members. In a creel study, the target population is anyone who fishes 
at the locations being studied; generally in a creel study the probability 
of being sampled is not the same for all members of the target population. 
For instance, if the survey is conducted for 1 d at a site, then it will in¬ 
clude all persons who fish there daily, but only about 1/7 of the people 
who fish there weekly, 1/30 of the people who fish there monthly, etc. In 
this example, the probability of being sampled (or inverse weight) is seen 
to be proportional to the frequency of fishing. However, if the survey 
involves interviewers who revisit the same site on multiple days, and per¬ 
sons who are only interviewed once for the survey, then the probability of 
being in the survey is not proportional to frequency; in fact, it increases 
less proportionally with greater frequency of fishing. If the same site is 
surveyed every rlay of the survey period with no reinterviewing, all mem¬ 
bers of the target population would have the same probability of being 
sampled, regardless of fishing frequency, implying that the survey weights 
should all equal 1 (Ebert et al., 1993; Rosebeny & Burmaster, 1991). 

On the other band, if the survey protocol calls for individuals to be 
interviewed each time an interviewer encounters them (i.e., without 
regard to whether they were previously interviewed), then the inverse 
weights will again be proportional to fishing fnequertcy, no matter how 
many times interviewers revisit the same site. Note that when individuals 
can be interviewed multiple times, the results of each interview are 
included as separate records in the database, and the survey weights 
should be inversely proportional to the expected number of times that an 
individual's interviews are included in die database (U.S. EPA, 1997b; 
Ebert et ah, 1993; Roseberry & Burmaster, 1991). 

Fish and shellfish exposure assessments are among the most compli¬ 
cated of all assessments (Murray & Burmaster, 1994). A significant portion 
of the Fxposure factors Handboot: addresses this topic (U.S. EPA, 1997b). 
Recently, fairly complex Monte Carlo methods have been applied to 
resolve many of the difficulties estimating exposure of anglers and their 
families (Wilson et al., 2000). 

Aggregate Exposure and EQPA 

pesticides are regulated under both the Federal Insecticide, Fungicide, 
and Rodenticide Act (FIFRA) and the Federal Food, Drug, and Cosmetics Act 
(FFDCA). In 1996, Congress passed the Food Quality Protection Ac! (FQPA) 
that amended both fIFRA and FFDCA. These taws mandated the U.S. EPA 
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to register pesticides and sei tolerances based on a safety deiermination, a 
reasonable certainty that use of a given pesticide or consumption of raw 
agricultural commodity of processed foods that contain the pesticide and 
its residues will cause no harm to human health or the environment. The 
U.S. EPA evaluates risks posed by the use and usage of each pesticide to 
make a determination of safely. Based upon this determination, the agency 
regulates pesticides to ensure that use of the chemical is not unsafe. 

In the past, the U.S. EPA evaluated the safety of pesticides based on a 
single-chemical, singie-exposure-pathway scenario. Flowever, FQPA re¬ 
quires that the agency consider af^regate exposure in its decision-making 
process. Section 403(a)(4)(b)(2)(ii) of FFDCA specifics with respect to a tol¬ 
erance that there must be a determination "that there is a reasonable cer¬ 
tainty that no harm will result from aggregate exposure to the pesticide 
chemical residue, including all anticipated dietary exposures and all other 
exposures for which there is reliable information." Section (b)(2)(r)(ii)(l) 
states that "there is a reasonable certainty that no harm will result to 
infants and children from aggregate exposure to the pesticide chemical 
residues" Ag^fe^ate dose is defined as ths amount of a single substance 
available for interaction with metabolic processes or biologically significant 
receptors from multiple mules of exposure. Aggregate risk is defined as the 
likelihood of the occurrence of an adverse health effect resulting from all 
routes of exposure to a single substance. Conversely, cumulative risk is 
defined as the likelihood of the occurrence of an adverse health effect 
resulting from ail routes of exposure to a group of substances sharing a com¬ 
mon mechanism of toxicity. 

As shown in Figure 5, the most basic concept underlying all aggregate 
exposure assessments is that exposure occurs to an individual. The integrity 
of the data concerning this exposed individual must be maintained through¬ 
out the aggregate exposure assessment, in other words, each of the indi¬ 
vidual "subassessmenfs" must be linked back to the same person (U.S. FDA, 

1993). Because exposures are based on that received by a single individual, 
aggregate exposure assessments must agree in time, place, and demographic 
characteristics. Each of these parameters have imbedded attributes that 
must be matched to create a reasonable assessment. Some of these imbed¬ 
ded attributes include: 

• Time (duration, daily, .seasonally). 

• Place (location and type of home, urbanization, watersheds, region). 

• Demographics (age, gender, reproductive status, ethnicity, personal 
preference). 

To develop realistic aggregate exposure and risk assessments requires 
that the appropriate temporal, spatial, and demographic exposure factors 
be correctly assigned. Examples of some of these factors include sex- and 
age-S{>ecific body weights, regional specific drinking-water concentrations 
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An Eiagregale exposure and risk assessment is distinct from a cumulative 
risk assessment. Cumulative risk is defined as “the measure or estimate of 
distributions of exfiosures (doses) for a set of chemicals that act by a com¬ 
mon mechanism of toxicity" (U.S. EPA, 1998). Cumulative risk assessment 
evaluates risks from multiple chemicals via all routes and pathways of 
exjwsure. The cumulative risk assessment considers (he combined toxico¬ 
logical effect of a group of chemicals with a common mechanism of toxicity. 
The definition of a common mechanism of toxicity is "two or more pesti¬ 
cide chemicals that produce an adverse effect(s) to human health hy the 
same, or essentially the same, sequence of major biochemical events. The 
underlying basis of the toxicity is the same, or essentially the same, for each 
chemical" (U.S, EPA, 1998). Specific guidance concerning conducting a 
cumulative risk assessment is currently being developed (ILSI, 1996). 

Breast Milk 

Breast milk is a potential source of exposure to toxic substances for 
nursing infants. Lipid-soluble chemical compounds accumulate in body 
fat and may he transferred to breastfed infants in the lipid porlion of 
breast milk. Because nursing infants obtain most (if not all) of their dietary 
intake from breast milk, they are especially vulnerable to exposures to 
these compounds. In fact, some models predict that the peak body bur 
dens of certain chemicals (like dioxin) can reach their lifetime peak (pg/kg) 
on the last day of nursing at age 12-24 mo. Estimating the magnitude of 
the potential dose to infants from breast milk and that resulting body bur¬ 
dens of blood levels is quite complicated. It requires information on the 
quantity of breast milk consumed per day and the duration (months) over 
which breastfeeding occurs. Information on the fa: content of breast milk Is 
also needed for estimating dose from breast-milk residue concentrations 
that have been indexed lo lipid content (U.S. EPA, 1997b; Smith, 1907). 
Until recently, these were considered the key parameters but it is now dear 
that one must account for the quickly increasing body weight of the infant, 
the differences in the blood perfusion of the fat compartments in the infant 
versus the mother, and other factors (Kerger et al., 1999; Kreuzer et ah, 
1907). 

Several studies have generated data on breast-milk intake (Smith, 1994; 
Kohler et al., 1984; NAS, 1991; Neville et al., 1988). Typically, breast- 
milk intake has been measured ovE’r a 34-h period by weighing the infant 
before and after each feeding without changing its clothing (test weigh¬ 
ing). The sum of the difference between the measured weights over the 
24-h period is assumed to be equivalent to the amount of breast milk con¬ 
sumed daily. Intakes measured using this procedure are often corrected for 
evaporative water losses (insensible water losses) between Infant weighings 
(NAS, 1991). Neville et al. (1988) evaluated the validity of the test-weight 
approach among bottle-fed infants by comparing the weight of milk taken 
from bottles with the difference between the before and after feeding 
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weights of infants. Once correcled for insensible watei loss, lesi-weight 
data were not significantly diffeient fiuiri bottle weights. Conversions be¬ 
tween weight and volume of breast milk consumed are made using the 
density of human milk (approximately 1.03 g/mi} (NAS, 199J). Recently, 
techniques for measuring breast-milk intake using stable isotopes have 
been developed; however, few data based on this new technique have 
been published (NAS, 1991). 

Studies among nursing mothers in industrialized countries have shown 
that infant intake averages approximately 750 to 800 g/d (728 to 777 
ml/d) during the first 4 to 5 mo of life, wiih a range of 450 to 1200 g/t| 
(437 to 1165 ml/d) (U.S. EPA, 1997b; NAS, 1991). Similar intakes have 
also been reported for developing countries (U.S. EPA, 1997b; NAS, 1991), 
Infant birth weight and nursing frequency have been shown to influence 
the rate of intake (U.S. EPA, 1997b; NaS, 1991). Infants who are larger at 
birth and/or nurse more frequently have been shown to have higher 
intake rates. Also, breast-milk production among nursing mothers has 
been reported to be somewhat higher than (he amount actually consumed 
by the infant (U.S. EPA, 1997b; Ebert et al., 1993), 

I ike exposure assessments of fishes, techniques for estimating chemical 
uptake by children of breast milk continue to evolve. One of the more 
interesting papers on this topic was recently presented by Kerger et al. 
(1999), which put into question most of the prior calculation approaches 
for estimating dose to nursing infants ba.scd, in part, on work conducted by 
Kreuzer et al. (1997). A portion of the U.S. EPA txposure Fucion Handbook 
addresses this topic, and a few published papers have offered some novel 
approaches (U.S. EPA, 1997b, 1997c; Smith, 1987). Some examples of 
breast-milk intake rates are presented in Table 11. A distribution for breast- 
milk consumption has been suggested by Kerger et ai. (1999). 


TA81E11. DeCiuli Values for Daily inukes ol Bieas) Milk 


Age 

Numl>ef of 
surveyed at each 
time period 

Me-sn rntako 
fml/dj 

liar>g(^ of dflily intake 

Complel^ly 

1 mo 

11 

6U0 1 t S9 

426-989 

3 mo 

2 

833 

645-111(10 

6 mo 

1 

682 

6l6-7Ub 

Pjrti*lly hteasl-fetl 

1 mo 

A 

485 ± 79 

398-65S 

3 mo 

11 

467 4 101} 

Z42-698 

6 mo 

6 

395 * 175 

147-681 

9 mo 

3 

^554 

451-732 


Nole fmiri Pao et al, (1937>, Data expressed as mean t standard deviation. 
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ESTIMATING UPTAKE VIA INHALATION 

Estimating intake via inhalation depends on only a few exposure 
factors, such as inh.rlation rate; airborne chemical concentration; bioavail 
ability, and, if it is a particle, particle size. In general, uncertainly in esti¬ 
mates of intake via inhalation is among the smallest for all exposure 
calculations. 

Inhalation rates are known to vary directly with the amount of physi¬ 
cal activity of the persons being evaluated. The default value used by the 
U.5. EPa and others is 20 m'/d. When conducting occupational exposure 
assessments, it is common to assume (hat workers inhale about 10 in an 
8 h workday (U.S. EPA, 1992c). 

Airborne chemical concentrations are obtained through either direct 
rneasurement or modeling. The form of the chemicals in the air will be a gas 
(includes vapors) or particles (dusts or fumes). Generally, it is assumed that 
virtually all of the vapors or gases will be absorbed if inhaled (U.S. EPA, 
1992c; Andelman, 1985; Krivanek et al., 1978). Ihis may not be the case for 
volatile chemicals, it the concentration in the blood is approaching steady 
state. In those cases, a significant fraction of the inhaled vapors will be 
present in the exhaled breath and, therefore, not absorbed (Piotrowski, 
1977). 

It is usually assumed that if particles enter the lower respiratory tract, 
they will eventually be absorbed unless the chemical is highly insoluble. 
Generally, it is assumed that particles less than 150 pm in diameter are 
inhaiable, but virtually al! particles greater than 10 pm will be captured in 
the upper respirattiry tract (nose and throat) and then ingested. It has often 
been assumed (hat particles less than 10 pm in diameter will be captured in 
the lower respiratory tract and the majority of these (by mass ralher than par¬ 
ticle number) will eventually be absorbed. Notably, for some cherrticals, the 
adverse effect is related to the particle size, so this must he taken into 
account. For example, it is thought that beryllium particles should be col¬ 
lected in several different size fractions and that the severity of the adverse 
effect varies according to particle size. 

Various Inhalation Rates 

A significant amount of research has been done to correlate various 
inhalation rates with different tasks and body weights. Most studies on 
this subject have been summarized in the most recent U.S. EPA Exposure 
Factors Handbook (U.S. EPA, 1996c). Data are available for dozens of 
different levels of physical activity and the distributions for several popu¬ 
lations are presented, 

A number of equations have been proposed for predicting the inhala¬ 
tion rate based on body weight (U.S. EPA, 1997b). The Exposure Factors 
Handbook and other sources provide a number of tables that relate physi¬ 
cal activity with inhalation rate (see Table 12), 
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Bioavailabilily of Airborne Cbetnicals 

Because the mass ot particles Inhaled is usually quite small, and be¬ 
cause most particles less than 10 pm in diameter are thousht to be fairly 
easily absorbed, it is generally assumed that particles are 100% bioavail- 
ablc after they are trapped in the lower lung. Likewise, it is generally 
assumed that most vapors and gases are completely absorbed (100% 
bioavailabie) if they reach the lower respiratory tract. Both are conserva¬ 
tive assumptions that should be reassessed on a case-by-case b.isis. 
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• Uncertainty information from different sources and of different quality 
rtiusl be combined. 

• A decision must be made about whetlier and how to expend resources 
to acquire additional information (e.g., production, use, and emissions 
data; environmental fate information; monitoring data; population 
data) to reduce the uncertainty. 

• So much empirical evirienre exists that biases may occur, resulting in 
so-called best estimates that are not very accurate. Even when all that 
is needed is a best-estimate answer, the quality of the answer may be 
improved by incorporating a frank discussion of uncertainty into the 
analysis, 

• Exposure assessment is an iterative process. The search for an adequate 
and robust methodology to handle the problem at hand may proceed 
more effectively, and to a more certain conclusion, if the associated 
uncertainty is explicitly included and it can be used as a guitle in the 
process of refinement. 

• A decision is rarely made on the basis of a single piece of analysis. 
Further, it is rare for there trj be one discrete decision; a process of 
multiple decisions spread over time is the more common occurrence. 
Chemicals of concern may go through several levels of risk assessment 
before a final decision is made. During this process, decisions may be 
made based on exposure considerations. An exposure analysis that 
attempts to characterize the associated uncertainty allows the user or 
decision maker to conduct a better evaluation in the context of the 
other factors being considered. 

• Exposure assessors have a responsibility to present not just numbers, but 
also a clear and explicit explanation of the implications and limitations 
of their analyses. Uncertainty characterization helps to achieve this. 


ROLE OF UNCERTAINTY ANALYSIS 

Exposure assessment uses a wide array of information sources and tech¬ 
niques. Even when actual exposure-related measurements exist, assump¬ 
tions or inferences will still be required. Most likely, data will not be avail¬ 
able for all aspects of the exposure assessment and these data may be of 
questionable or unknown quality. In these situations, the exposure assessor 
will have to lely on a combination of professional judgment, inferences 
based on analogy with similar chemicals and conditions, estimation tech¬ 
niques, and the like. Ihe net result is that the exposure assessment will be 
based on a number assumptions with varying degrees of uncertainty (U.S. 
ERA, 1992c). 

The decision analysis literature has focused on the importance of ex¬ 
plicitly incorporating and quantifying scientific uncertainty in risk assess¬ 
ments (Roseberry & Burmasler, 1991; Murray & Burmaster, 1994). Reasons 
for addressing uncertainties in exposure assessments include (U.S. ERA, 
1992c); 


Essentially, constructing scientifically sound exposure assessments and 
analyzing uncertainty go hand-in-hand. The reward for analyzing uncer¬ 
tainties is knowing that the results have integrity or that significant gaps 
exist in available information that can make decision making a tenuous 
process. 

Variability Versus Uncertainty 

While some authors treat variability as a specific component of un¬ 
certainty, the U.S. ERA (Carrington & Solger, 1998) and others advise risk 
assessors (and, by analogy, the exposure assessor) to distinguish between 
variability and uncertainty (National Research Council, 1994), Specifi¬ 
cally, uncertainty represents a lack of knowledge about factors affecting 
exposure or risk, whereas variability arises from true heterogeneity across 
people, places, or tirne. In other words, uncertainty can lead to inaccu¬ 
rate or biased estimates, whereas variability can affect the precision of the 
estimates and the degree to which they can be generalized. 


I P Mil 
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Variability and uncertainty can complement or confound one another. 
The National Research Council tl994) has drawn an instructive analogy 
based on estimating the distance between the earth and the moon. Prior 
to fairly recent technological developments, it was difficult to accurately 
measure this distance, resulting in measurement uncertainty. Because the 
moon's orbit is elliptical, the distance is a variable quantity. If only a few 
measurements were taken without knowledge of the elliptical pattern, 
then either of the following incorrect conclusions might be reached: 

• The measurements were faulty, thereby ascribing to uncertainty what 
was actually caused by variability; or 

• The moon's orbit was random, thereby not allowing uncertainty to 
shed light on seemingly unexplaitiabk differences that are in fact vari¬ 
able a[)d predictable. 

A more fundamental error in this situation might be to incorrectly esti¬ 
mate lite true distance and assume that a few observations were suffi¬ 
cient. This latter pitfall—treating a highly variable quantity as if it were 
invariant or only uncertain—is most relevant to the exposure or risk asses¬ 
sor (U.S, EPA, 1992c). 

Now consider a situation that relates to exposure, such as estimating 
the average daily dose by one exposure route—ingestion of contaminated 
drinking water. Suppose that it is possible to measure an individual's daily 
water consumption (and concentration of the contaminant) exactly, there¬ 
by eliminating uncertainty in (he measured daily dose. The daily Jose still 
has an inherent day-to-day variability, however, because of changes in the 
individual's daily water intake or concentration of the contaminant in the 
water (U.S. EPA, 1992c). 

Clearly, it is impractical to measure the individual's dose every day. For 
this reason, the exposure assessor may estimate the average daily dose 
(ADD) based on a finite number of me.'isurements, in an attempt to "aver 
age out" the day-to-day variability. The individual has a true (but unknown) 
ADD, which has now been estimated based on a sample of measurements. 
Because the individual's uue aveiage is unknown, it is uiiceriain liow close 
the estimate is to the true value, Tlius, the variability across daily doses has 
been translated into uncertainty in the ADD. Although the individual's true 
ADD has no variability, the estimate of the ADD has some uncertainly (D.S. 
EPA, 1992c), 

The preceding discussion pertains to the ADD for one person. Now 
consider a distribution of ADDS across individuals In a defined popula¬ 
tion le.g., the general U.S. population). In this case, variability refers to 
the range and distribution of ADDs across individuals in the population. 
By comparison, uncertainty refers to the exposure assessor's slate of knowl¬ 
edge about that disiribution, or about parameters describing the distribu- 
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tion (e.g., mean, standard deviation, general shape, various pom-nlik’s) 
(U.S. EPA, 1992c). 

As noted by the National Research Council (1994), the realms ol vari¬ 
ability and uncertainty have fundamentally different ramificaiions lor sci¬ 
ence and judgment. For example, uncertainty may force decisiim makers 
to judge how probable it is that exposures have been owrestimaleil or 
underestimated for every member of the exposed population, whereas 
variability forces them to cope with the certainty lhat different imiividuats 
ate subject to exposures both above and below any of the exposuie levels 
chosen as a reference point (U.S. EPA, 1992c). 

Types of Variability 

Variability in exposure is related to an individual's location, aciivity, 
and behavior or preferences at a particular point in time, as well as pt)llu- 
tani emission rates and physical/chcmical processes that affect conceniia- 
tions in various media (e.g., air, soil, food, and water). The variaiions in 
pollutant-specific emissions or processes, and in individual locations, activ¬ 
ities, or behaviors are not necessarily independent of one another, for ex¬ 
ample, both persona! activities and pollutant concentrations at a sjtecific 
location might vary in response to weather conditions, or between week¬ 
days and weekends (U.-S. EPA, 1992c). 

At a more fundamental level, three types of variability can he rlistin- 
guished: 

• V-iriability across locations (spatial variability). 

• Variability over time (temporal variability). 

• Variability among individuals (inter-individual variability). 

Spatial variability can occur both at regional (macroscale) and local 
(microscale) levels. For example, fish intake rates can vary depending on 
the region of the country- Higher consumption may occur among popula¬ 
tions located near large bodies of water such as the Great Lakes or coastal 
areas. As another example, outdoor pollutant levels can be affected at the 
regional level by industrial activities and at the local level by activities of 
individuals. In general, higher exposures tend to be associated with closer 
proximity to the pollutant source, wlielher it be an industrial plant or re¬ 
lated to a personal activity such as showering or gardening. In the context 
of exposure to airborne pollutants, the concept of a "microenvironment" 
has been introduced to denote a specific locality (e.g., a residential lot or 
a room in a specific building) where the airborne concentration can be 
treated as homogeneous (i.e., invariant) at a particular point in time. 

Temporal variability refers to variations over time, whether long or 
short term. Seasonal fluctuations in weather, pesticide applications, use of 
wondhurning appliances, and fraction of time spent outdoors arc exam- 
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plc5 of lon}^er term variability. Examples of shorter term variability arc dif- I 
fereiites in industrial or personal activities on weekdays versus weekends 
or at different times of the day. 

Inferindividual variability can be either of two types: (It human char¬ 
acteristics such as age or body weight, and (2) human Irehaviors such as 
location and activity patterns. Each of these variabilities, in turn, may be 
related to several underlying phenomena that vary. For example, the nat¬ 
ural variability in human weight is tine to a combination of genetic, nutri¬ 
tional, and other lifestyle or environmental factors. Variability arising 
from independent factors that combine multiplicatively generally will lead 
to an approximately lognormal distribution across the population, or across 
spatial/lemporal dimensions (U.S. EPA, 1992; Hoffman & Hammonds, 1992, 

1994). 

Monte Carlo Analysis 

Among the most promising and exciting techniques to emerge in the 
area of exposure assessment in recent years is the application of Monte 
Carlo or other pmbabiii.stic analyses to environmental health issues (Morgan 
& Henrion, lOOfl; U-5. EPA, 199.S; Duan & Mage, 1997). Monte Carlo 
analysis has existed as an engineering analytical tool for many years, but 
the devclopmont of the personal computer and software le g-, Crystal Ball 
(Decisioneering, Boulder, CO), ©RISK (Palisades Corp., Newfieid, NY)| 
has allowed its application to new areas. As discussed previously, one criti 
cism of many exposure assessments has been a reliance on overly conserva¬ 
tive assumptions about exposure, as well as the problem of how to properly 
account for the highly exposed (but usually small) populations that do exist 
(Burmasiet & Harris, 1993; Nichols & Zeckhauser, 1938). Tfie Monte Carlo 
technique offers an approach to addressing this issue. 

The probabilistic or Monte Carlo model accounts for the uncertainty 
in select parameters evaluating the range and probability of plausible 
exposure levels, instead of specifying input parameters as single values, 
this model allows for consideration of the probability distributions. The 
Monte Carlo statistical simulation is a statistical model in which the Input 
parameters to an equation are varied simultaneously. The values are cno 
sen from the parameter distributions, with the frequency of a particular 
value being equal to the relative frequency of the parameter in the dislrib- ! 
ution. The simulation involves the following three steps: i 

1. The probability distribution of each equation parameter (input para- < 

meter) is characterized, and the distribution is specified for the Monte \ 

Carlo simulation. If the data cannot be fit to a distribution, the data are 
''bootstrapped* into the simulation, meaning that the input values are 
randomly selected from the actual data set without a specified distri¬ 
bution. 
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2. For each iteration of the simulation, one value is randomly selected from 
each parameter distribution, and the equation is run. Many iterations are 
performed, such that the ramiom selections for each parameter approxi¬ 
mate the distribution of the parameter. Five thousand iterations are typi¬ 
cally perlormed for each dose equation. 

3. Each iteration of the equation is evaluated and saved; hence a proba¬ 
bility distribution of the equation output (possible doses) is generated. 

This technique generates distributions that describe the uncertainly asso¬ 
ciated with the risk estimate (resultant doses), The predicted dose for 
every 5th percentile to the 95th percentile of the exposed population and 
the true mean are calculated. Using these models, the assessor is not forced 
to rely solely on a single exposure parameter or the repeated use of conser¬ 
vative assumptions to identify the plausible dose and risk estimates. Instead, 
the full range of possible values and (heir likelihood of occurrence is incor¬ 
porated into the analysis to produce the range and probability of expected 
exposure levels (Finley et al., 1994b; Duan & Mage, 1997; Burmaster & 
von Stackelberg, 1991; Anderson & Yuhas, 1996; Burmaster & Anderson, 
1994; R. L. Smith, 1994). 

The methodology is illustrated in the following examples. The first ex¬ 
ample characterizes the lime needed to go shopping. Time spent shopping 
each month (minutes) is estimated by the product of two parameters; the 
number of trips per montii and the total time spent in the store (minutes). 
Total time spent in the store is the sum of lime spent shopping and time 
spent waiting in line. Using Monte Carlo techniques, a distribution of 
likely values Is associated with each of these parameters. These distri¬ 
butions depend upon the detail of information available to characterize 
each parameter. For example, the distribution compares all of the infor¬ 
mation, such as those days when the line at the check-out coumer is short, 
as welt as those when the line is long, it is noteworthy that each parame¬ 
ter has a different distribution; lognormal, gaussian, and square. Total time 
spent shopping is then calculated repeatedly by combining parameter 
values that are randomly selected from these distributions. The result js a 
distribution of likely time spent shopping each month. Using this tech¬ 
nique, information concerning each parameter is carried along to the final 
estimate. 

The seciijul example, which directly applies to toxicologists, is to 
build a distribution that describes the various soil ingestion rates for chil¬ 
dren. As shown in Figure 6, the three pertinent distributions are the basis 
for constructing the overall exposure distribution. 

Most of the variables used In an exposure assessment actually exist as 
ranges, rather than single point values and this is captaured In Monte Carlo 
analysis. For inslartce, the common assumption that adult body weight is 
70 kg will be replaced by the appropriate distribution (i.e., normal) of body 
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wiTights imcluding maximum, minimum, mean, and standard deviation}. 
Using this approach, virtually every exposure variable, whether physiologi¬ 
cal, behavioral, environmental, or chronological, can be replaced with a 
probability distribution (Thompson & Burmaster, 1991; Finley e( ai., 1994a, 
1994b; Price et ai., 1996b; Burmaster & von Stackelberg, 1991; Anderson 
& Yuhas, 1996; Burmaster & Anderson, 1994; R. L. Smith, 1994; Glickman, 
1986; Rormasler & Maxwell, 1991; Israeli & Nelson, 1992; Murray & 
Burmaster, 1992; Taylor et al., 1993; Ruffle et al., 1994; Thompson et ai., 
1992; Trowbridge & Burmaster, 1997; Burmaster & Thompson, 199,'i; 
Burmaster & Huff, 1997). Since no population (or individual) is exposed fO 
a single concentration; breathes, oats, or drinks at a single rate; or is ex¬ 
posed for the same length of time, it is not appropriate to assess them as 
such, to be protective, high values are employed, resulting in the problems 
of compotincling conservatisms mentioned previously (Maxim, 1989; 
Cullen, 1994; Burmaster & Harris, 1993; Allen el al., 1996; Frey & Rhodes, 
1998). 

The probabilistic analysis addresses the main deficiencies of the point 
estimate approach because it imparts more information to risk managers 
and the public, and uses all of Ine available data (Beck & Cohen, 1997; 
Meriz et al., 1998). The range of values (i.e., the distribution) for all the 
variables used in an exposure assessment is determined (e.g., normal, 
lognormal, uniform, triangular, etc.) and combined into a "distribution of 
distributions." Because of the extrapolations involved and the assump¬ 
tions made, the area of single greatest uncertainty in risk assessment is 
associated with the dose-response evaluations. 

It should also be clear that, in addition to exposure variables, data 
forming the basis of the toxicological criteria (carcinogenic potency factors 
iCPFs] and reference doses IRfDst) are also amenable to Monte Carlo-style 
analysis where a robust database exists (Sielkeit, 1989; Shlyakhter et al., 
1992; Evans et al., 1994a, 1994b; Velazquez et al., 1994; Baird et al., 
1996; Cox, 1996; Crouch, 1996a, 1996b; Siclkcn & Valdez-Flores, 1996; 
Sielken & Stevenson, 1997; Hill & Hoover, 1997; Boyce, 1998). As with 
exposure variables, the advantage to this approach is that it allows all data 
to be used (and weighted appropriately, where necessary), thus avoiding 
reliance on a single experiment or endpoint. 

Probabilistic analyses have in recent years been recognized in regulatory 
guidance (U.S. EPA, 1992b), and the U.S. EPA Risk Assessment Forum has 
published a document of principles for conducting Monte Carlo analyses 
(Cox, 1996) (Table 13). Recently, the U.S. CPA {1999b) published a compre¬ 
hensive guidance document on how to conduct Monte Carlo assessments. 

Like traditional exposure analysis, one challenge to performing a Monte 
Carlo analysis properly is having appropriate distributions for use in the 
analysis. Numerous studies on individual variables have been published 
in the risk assessment literature (Finley & Paustenbach, 1994; Beck & 
Cohen, 1997; Copeland el al., 1993, 1994; Cargas et al., 1999; Stanek & 
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TABL^ n. LJ S. El’A riuitliiijj ^^^r Monli- Aiuily^r^ 

]. C<m<iu(t ^fdinnn<)ry ^cnsilivily anoly&t*^ U) idonliiy inipart^inl (<ir(ril)utors lo ihe 
(*iid(X)inl ^nd v<Uial>ility .ind urn (ntainly. 

2. Bast’d on Ihu results n| tho sensilivily .in.ilysi^s, tmludc^ prolMhilistic assosi>nu'nlb only I’nr tlu? 
im|)ort.mt pathways and pardmcTters. 

r Use the entire cLit.ih.ise ot inUirmaiion wlicct sefec li/ij’ iiifiut dislribulions. 

4 . Whc'fi usrn^ suffug.itc itJonlily sources ol uruortainly. anti whenever iKrssiltlc. valkJ.iti! ihr 
use ot these rl/M.] I>y (.ollcclin^ silu/tasc specihe data. 

5. H ompifical data am collotlefi (nr uSc in the asst.*ssmetu, use colleclion methods that improve Jhc» 
roproscniativenc^s and quality of these data (esiHs. iaily at the lalls of [he distrihuiion.f 

6. Identify when export ju<l}>mcnt, rather than hard daiit, is used in the assessment. 

7. Separate uncertainly anri vanaljility during the analysis. 

8. Use a|?(;roprjale methods to address uncertainty and variability, c.g., twoHlimenskinal Monlc Carlo. 
Piscuss the numerical stahilily of estimates at (he tatls ut the distnhution. 

10. Identify which sources of uncertainly are addressed {)y the asscssmeni, and which are nut. 

11. Provide a detailed description of all models usr>d. 

12. Provide a detailud description of the input JistrilMjlJoos, including a distinction Ix^twc^n variahilily 
and unc'ertarnty in these distributions, and a graphical rej)resenlati(m of the pr<^)abilily density and 
cumulative distnlwiion lunciions. 

13. Provide a graphical representation of the probaltiliiy density and tunnulativt* dislrdiudon func¬ 
tions nf each output distribulion. 

14. Consider the potential covariance bciween imporiani paramelers. If the covariance cannot he 
dc^crirrined, evaluate Ihc impact of a range of jxilenlial cuvjrianccb on the uulfiut ciislributions. 

JS, Pfoseni point ostimales and identify where they tall on the exposure distrihution. If there are 
larg<» differences bHweem jmint estimates and Mmae Carlo eslimaJcs. expiain if flu* differences 
are clue to changes In the data ur models used. 

111. Present results in a tiered approach. 

Note. Ftom International Life Science Insliiuie I10‘)ft). 

Calabrese, 1995a, 199Sb; U.S. EPA, 1997c; Burmaster, 1998a, 1998b; 
Sedman et al., 1998; Smith et al., 1992), and the impact on the distributions 
employed on the outcome has also been discussed (Hattis & Burmaster, 
1994; Hoffman & Hamrnonds, 1994; Bukowski et al., 1995; Cooper et al., 
1996; Haas, 1997; Hamcd & Bedicnt, 1997). It should be pointed out that 
these techniques can be combined with other advanced risk assessment 
methods (i.e., PBPK modeling) to further reduce uncertainty in risk esti¬ 
mates (Cronin el al., 1995; Simon, 1997). Recently, two-dimensional Monte 
Carlo analyses have been developed that take into account both variability 
and uncertainty (Cullen & Frey, 1999; Vose, 1996). Information appropri¬ 
ate to probabilistic analyses can often be found in published papers in 
fields quite distant from the environmental sciences. 

Case Study Using Monte Carlo Technique 

An example might be useful (Gargas et al., 1999), Assume that per¬ 
sons are likely to be exposed to contaminated drinking water al the maxi¬ 
mum contaminant limit (MCL). Concern has been raised that these regu¬ 
latory limits are not sufficiently protective, and that certain federal and 
state regulatory programs (i.e.. Resource Conservation and Recovery Act) 
are justified in requiring groundwater remediation to levels below that of 
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drinking water standards. To test this supposition, it is necessary to evaluate 
the possible incremental cancer risk of exposure via tap-water ingestion, 
dermal contact with water while showering, inhalation of indoor vapors, 
and ingestion of produce irrigated with groundwater, using a probabilistic 
approach. Probability density functions for each exposure variable (e.g., 
water ingestion, skin surface area, fraction of exposed skin, showering 
time, inhalation rate, air exchange and water use rates, exposure time, 
etc.) are then identified and used in the appropriate exposure equalion to 
calculate dose and risk. A commercially available software package (i.e., 
©RISK) could be used lo conduct (he Monte Carlo analysis (Trowbridge & 
Burmaster, 1997). 

Some have suggested that the Latin hypercube (IHC) approach offers 
some advantages to tr.Tditional approaches for identifying the correct 
number of iterations. Often, one can reach convergence sooner with LHC 
than the Monte Carlo option in @RISK/Crystal Ball. In addition, I HC is 
more reproducible (to the hundredth decirnal place). The Monte Carlo 
option needs more iterations to reach convergence. 

The results of such an analysis are presented in Table 14 (Gargas et 
al., 1999), The risk associated with exposure to water at the current maxi- 
ntum contaminant level (MCL) level for four different contaminants, as 
weli as (he SOth and 95lh percentile of exposure as determined by the 
probabilistic analysis, are shown. At the SOth percentile level ("the best 
estimate"), the risk ranges from 6 x 10' (tetrachloroelhylene) to 9 x 10''’ 
(chloroform), while at the 95th percentile ("the upper-bound risk"), these 
risks range from 4 x 10 '’ (te(rachloroelhylene) to 1.5 x 10 ^ (chloroform). 
These values can be compared to the point estimate risks calculated for the 
MCLs, which range from 7x10“ (tetrachloroethylene) to 5.4 x lO'^ (vinyl 
chloride). For the SOth percentile (average) person, ail calculated risks are 
within the range of "acceptable” risks adopted by regulatory authorities 
for Superfund sites (1 x 10"^ to 1 x 10“^). For the 95lh percentile person 
[upper bound), the risks are still mostly below the 1 x lO"* benchmark 
risk level generally used to separate acceptable from unacceptable risks. 
For tetrachloroethylene, these results are 30 (SOth percentile) to 3 (risk at 
the MCL) times below the reasonable maximum exposure (RME) risk of 2 x 
10'^ developed by combining (he 95th percentile values for each expo- 


TABIE 1A. Risks CaIcuLhwI (or Exposure lo Four H.\ln(;en,Kp<t Srilvcnls in W-ilor Using Probabilistic 
Ausilysis M iho MCL Cc'vuI .»uI hf the* SOth am! 9511) EVrt uniilc* EKjxisufo 


Chemical 

SOth Pcfcentilu ri^k 

95th Pcta-ritjle risk 

MCL riik 

Tetrachloroelhylenu 

tl 

(1.(I()0(W.S 

0.000007 

Chloroform 

(>.ot)ni)09 

n.00014 

0.000017 

Bromoform 

0<10(H)02 

0.(UK)OM> 

0.000023 

Vinyl tblunrlf 

0.000005 

n ()(K)02‘1 

0.OCO054 
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sure variable using standard U.S. EPA risk assessment methodologies. This 
point estimate is greater than the yyth percentile of risk and is consistent 
with statements regarding the conservatism of the RME approach. These 
results suggest that chemical residues in drinking water at the MCL levels 
will be health protective and that remedial goals based on de minimis 
requirements (1 x 10 might be unnecessarily low (Gargas et al., 1999). 

In terms of estimates for the reasonably maximally exposed (RME) in¬ 
dividual, which often serve as the basis for regulatory decisions, several 
observations on the utility of probabilistic assessment can be made. First, 
exposure assessments that incorporate two to three direct exposure path¬ 
ways usually show that the 95th percentile probabilistic estimates are 
three to five times below the traditional RME estimates. Second, for multi¬ 
pathway assessments that contain several indirect exposure pathways, the 
95th percentile probabilistic estimates can be as much as an order of magni¬ 
tude below (he RME estimates, Tirird, when the number of distributions used 
in the exposure assessment is 10 or more, the difference between the 50th 
and 95th percentile estimates may be between 5 and 10. Finally, in such 
assessments, the difference between (he RME estimates and the 95fb per¬ 
centile probabilistic estimates can be as high as 100 (Finley & Ffeustenbach, 
1994). In the probabilistic approach to estimating exposure and risk, the 
complete range of potential risks can be illustrated along with the likelihood 
estimates and estimates of uncertainty associated with such risks. While the 
availability and confidence of distributions for exposure variables differ, risk 
assessors ought to take advantage of this and similar approaches in their risk 
assessments to advance and improve the process. Additionally, since the 
highest degree of uncertainty in risk assessment lends to be the CPFs, allen- 
tion ought to be directed to applyitrg probabilistic analysis to the develop¬ 
ment of toxicity criteria in a similar manner (Finley et al., 2000; Evans et a!., 

1994a; Velazquez et al., 1994). 

Sensitivity Analysis 

In addition to establishing exposure and risk distributions, probabilistic 
analysis can also identify variables with the greatest impact on the estimates 
and illuminate uncertainties associated with exposure variables through sen¬ 
sitivity analysis (Dogen & Spear, 1987; Iman & Flelton, 1991; Shlyakhter, 
1994; Robinson & Huist, 1997; Rai & Krewski, 1998). Hiis provides some 
insigttt into the confidence that resides in exposure and risk estimates, and 
has two important results. First, it identifies the inputs that would benefit 
most from additional research to reduce uncertainty and improve risk esti¬ 
mates. Second, assuming that a thorough assessment has been conducted, it 
is possible to phrase the results in more accessible terms, such as "the risk 
assessment of PCBs in smallmouth bass is based on a large amount of high- 
quality reliable data, and we have high confidence in the risk estimates de¬ 
rived. The analysis has determined that 90 percent of the increased cancer 
risk could be eliminated through a ban on carp and catfish, but (hero is no 
appreciable reduction in risk from extending such a ban to bass and trout." 


Such a description provides all stakeholders with considerably more infor¬ 
mation than a simple fxaint estimate of risk based on a traditional exposure 
and risk assessment (Paustenbach, 1995). 

If the most "sensitive" exposure variables are based on limited or uncer¬ 
tain data, confidence in these estimates will be poor. Robust data sets, on 
the other hand, lead to increased confidence in the resulting estimates. In 
the preceding example involving smallmouth bass, sensitivity is defined as 
the ratio of the relative change in risk produced by a unit relative to change 
in the exposure variables used. A Gaussian approximation (the product of 
the normalized sensitivity and the standard deviation of the distribution) of 
intake was used to allow both sensitivity and uncertainty to be gauged. In 
this case, the true mean of each distribution was chosen as the baseline 
point value, and the differential value for each variable was calculated by 
increasing this value by 10%. For each variable, the differential value was 
substituted, the risks recalculated, and the baseline value replaced (Gargas 
et al., 1999). Sensitivity was calculated using the following formula: 


Sensitivity = 


Riskig,^ I 

"Ilf— nrT"'’''' 

I ''10% 1 


where and Xj^.)/, are baseline and differential values for the variable 

X, and o Ts the standard deviation for the distribution of variable X. The 
sensitivity of each variable relative to one another is assessed by summing 
the unitless sensitivity values and determining the relative percent that 
each variable contributes lo the total. 

Table 15 indicates which are the most important variables in a proba¬ 
bilistic analysis of tetrachloroeihylene in household tap water. In this case, 
the most sensitive exposure variables in household exposure to tap water 
are exposure time in shower and exposure duration. Relatively small 
changes in these variables will result in relatively large changes in the risk 
estimates. Since these estimates are based on actual time-use studies and 
census information, this suggests a high level of confidence can be placed 


TABLE 15, Rusulls of Sonyiivity Analysis for Telrdchloroethylenc Exjiobure in Household Wjtcf 


Exposure vjrj.)hle 

Stnsilivily tunilless) 

PciccOUigD rank 

Shower exposure jimo 

0.001)004 

55,0*>1. 

Exposure duraliun 

0,000001 

20.0% 

Pidnt-soil p^irlilion Factor 

0 


VVafer rrtgestion ra/c 

Q 

4.b% 

Surface area of skirt 

0 


Body weitihl 

0 

3.B% 

Ottrool pwineaiJilily runsldrl 

u 

1 .Q !^la 

Skin fradion tontadinu water 

0 
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on this estimate, particularly if site-specific data are taeing used. If the criti¬ 
cal variables (in terms of sensitivity) were not based on robust data, this 
would suggest that (he risk assessment could he imprr>ved by additional 
research on these exposure variables, it is interesting that the form of the 
distribution chosen for the variables is less important than the validity of 
the data {Finley et al., 1993). When the emt)irica! distribution of the lap- 
wafer ingestion rate from Ershow and Cantor (1989) was substituted with a 
lognormai distribution developed by Roseberry and Burmaster (1992), the 
resultant change in the risk estimates was less than I'Yn (Trowbridge & 
Burmaster, 1997). 

In this case, the value of the sensitivity analysis is that it allows input 
variables to be ranked in order of imfjorlance and confidence in the output 
to be established to a higher degree than previously possible. As potnted 
out by the U.S. EPA, where possible, exposure assessors should report vari¬ 
ability in exposures as numerical distributions and should characterize 
uncertainty as probability distributions. They need to identify clearly where 
they are using point estimates for "bounding' potential exposure variables 
or estimates; these point estimates should not be misconstrued to represent, 
for example, the upper 95th percentile when information on the actual dis¬ 
tribution is tacking (Sielken & Valdez-Flores, 1996), As noted by the U.S. 
EPA, such explicit presentation of the data reduces the temptation to use 
the exposure assessment process for veiling policy judgments (Graham et 
al,, 1992). 

ISSUES IN EXPOSURE ASSESSMENT 

The field of exposure assessment will continue to benefit from ongoing 
research efforts. The following are some fruitful areas of ongoing research. 

Bioavailabilily 

Applied research that will improve the practice of exposure assessment 
include bioavailability, speciation, chemical fate, and the role of biological 
monitoring. Bioavaiiabifity has become an increasingly important issue in 
the exposure assessment process (Hrudey et al., 1996: Schoof & Nielsen, 
1997; Paustenbach et al., 1997a; Ruby et al., 1999), Alexander (199.5) has 
shown that a variety of organic chemicals in soil lose the ability to interact 
with biological receptors over time, despite the fact that the chemical 
concentration in soil remains largely the same. The alteration in bioavail¬ 
ability extends across the various routes of exposure as well (Shu et al., 
1988; Lucier et al., 1986; Umbreit et al., 1986a, 1986b; Skrowronski et 
al., 1988; Wester et al., 1993a, 1993b; Ruoff et ai., 1994), Inorganic 
compounds, even those posing a potentially significant degrees of hazard 
(i.e„ cyanide) react similarly (Davis et al., 1992, 1993, 1997; Shifrin et a!., 
1996). These losses in hazard potential are presumatily due to irreversible 
chemical interactions with soil constituents. Table 16 indicates that the 
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bioavailability of lead added to soil is immediately halved and that it is fur¬ 
ther reduced over time (Chaney et al., 1984). This would suggest that an 
assumption of 100% bioavailability of this compound (and many others) 
from soil is erroneous. It is also clear that the environmental media in 
which the compound occurs will influence its uptake into the body (Ruoff 
el al., 1994). The U.S, EPA recognized this fact when it developed two ref¬ 
erence doses (RfDs) for manganese depending on whether it occurred in 
solid matrices (c.g., food, soil, etc.) or water (U.S. EPA, 1998). One simple 
method lo improve bioavailability estimates is to conduct extractions under 
more biologically relevant conditions. 

Bench-scale extraction experiments in simulated gastric fluids or sweat 
can be used to inexpensively and accurately measure how readily envi¬ 
ronmental residues can be released from the media in which they occur 
(Ruby et al., 1992; Horowitz & Finley, 1993; Ruby et al., 1999). As with 
inhalation or ingestion of vapors or solutions, buth the lelease and absorp¬ 
tion rates of agents from an environmental matrix (i.e,, soil) across bio¬ 
logical membranes need to be incorporated into the risk assessment when 
such data are available, and generated when absent. This need is particu¬ 
larly great when assessing dermal exposure. The problem for materials in 
aqueous solutions is less problematic than from solid matrices (Leung & 
paustenbach, 1994). For liquids, permeability constants expressed in terms 
of agent weight per unit area per time (mg/em’-min) have been developed 
for a number of agents, and in vivO and in vitro techniques or mathematical 
models exist to develop similar flux rates if needed (Bartek et al., 1972; 
Wester & Noonan, 1980; Guy et a!., 1982; Surber et al., 1990; Frantz, 
1990; Shatkin & Brown, 1991; Barber et al., 1992; McKone, 1993; Bogen, 
1994; Bogen et al., 1998; Wester et al., 1993a). From soil, however, the 
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typical approach in many risk assessments has been to assume a conslani 
percent absorbed from soil aclhcicd to skirr as a default. For volatiles, an 
absorption rale of 25% has sometimes been used, for semivolatiles and 
inorganics, absorption rates of 10% and 1 % have been used, respectively. 

Some experimental data for absorption are available for a few agents 
(e.g., PCBs, DDT, dioxin, benzoia]pyrene, etc.), suggesting that the simple 
assumption of a constant percentage absorbed may overestimate or under¬ 
estimate the dose depending on the agent, cocontaminants, soii type, ex¬ 
posure duration, and similar considerations (Shu et al., 1988; Skrowrnnski 
et al., 1988; Wester et al., 1993a, 1993b). The impact of using this default 
approach results in an instantaneous dermal dose being assumed, regard¬ 
less of whether the soil remains in contact with the skin for 1 min or 1 day. 
This assumption, together with the questionable route-to-route adjustment 
of toxicity criteria from oral to dermal, results in a predicted dermal ab¬ 
sorption of agents from soil, which arguably should present a minor risk 
in most cases, being a major driver in the risk assessment of soilbound 
coiitamirianis. 

Chemical Fate 

Risk assessors ought to incorporate information on (he fate of chemi¬ 
cals in the environment in their exposure estimates, whenever possible 
(Davis et al., 1993). Many organic compounds tend to degrade over time, 
and may disappear from exposed surfaces relatively quickly or otherwise 
change (American Chemical Society |ACS1, 1983; Paustenbach, 1989b). 
As already suggested, inorganic compounds may also undergo changes in 
the environment over time that affect their fates (Shifrin et al., 1996; 
Chaney et ah, 1984). Influencing factors include degradation by sunlight, 
soil and water microbes, evaporation, and chemical interactions. The 
resultant changes can dramatically alter the outcome of exposure assess¬ 
ments (Paustenbach et ah, 1997a; Davis et ah, 1997). For instance, much 
of the criticism of incinerators has focused on the inhalation risk of dioxin 
emitted from (he slacks. As it turns out, the environmental half-life of 
dioxin (as a vapor) is only 90 min because of photolyiic degradation, in 
contrast, the half-life for dioxin in soil or fly-ash is SO to 500 yr. The focus 
of concern is often not the main risk issue when environmental fate is 
considered because levels and availability change over lime (Paustenbach 
et ah, 1999). Incorporation of half-life data into risk assessments can have 
substantial benefits for improving understanding of the potential expo¬ 
sures and risks associated with a specific situation (Borgert el al., 1995). 

In a similar manner, the risk from persistent contaminants (i.e., DDT) 
in fish has usually been assessed using results from the analysis of raw 
fish fillets in combination with assumptions about the size and number of 
fish meals. The effects of cleaning and cooking on these residues are not 
typically considered, but have been shown to be reduced substantially in 
many cases (i.e., 50% or greater) when cooked or processed (Morgan et 
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ah, 1997; Wilson et ah, 1998). Since many of these risk assessments form 
the basis of (ish advisories or bans with poteritially significant economic 
repercussions, there is obviously an important reason to make these 
exposure estimates as accurate as possible. Additionally, since there are 
known health benefits to fish consumption, making recommendations 
against eating fish based on theoretical risk deserves careful evaluation 
(Thomas et ah, 1997). 

Biomarkers and Molecular Epidemiology 

The past decade has witnessed a dramatic increase in the level of 
research activity, derivation of theoretical constructs, and development of 
practical applications for liie direct measurement of biological events or 
responses that result from human exposure to xenobiotics (DeCaprio, 

1997; Hattis, 1986). These measurements, conveniently grouped under 
the descriptor "biological markers" or "biomarkers," reflect molecular 
and/or cellular alterations that occur along the temporal and mechanistic 
pathways connecting ambient exposure to a toxicant and eventual dis¬ 
ease. As such, an almost limitless array of biomarkers is theoretically 
available for assessment, and only a minute fraction of these has been 
recognized and investigated to date (Hattis, 1986; McMillan et ah, 1994; 

Holdway, 1996). Some events that can technically be classified as bio¬ 
markers of chemical exposure (e.g., hematological changes following 
high levels of exposure to lead or benzene, acetylcholinesterase inhibi 
tion by organophosphates) have been measured for decades. However, 
the recent surge of interest in this field has been driven by technical 
advances in analytical chemistry and molecular genetic techniques and 
by the recognition that "classicai" toxicology and epidemiology may not 
be able to alone resolve critical questions regarding causation of environ¬ 
mentally induced disease (DeCaprio, 1997). 

Biomarkers are an important component of the emerging discipline of 
molecular epidemiology, which seeks to expand the capabilities and over¬ 
come the limitations of classical epidemiology by incorporating biologi¬ 
cal measurements collected in exposed humans (DeCaprio, 1997; Wolfe, 

1996). Early efforts at utilizing biomarkers to make quantitative estimates 
of exposure and to predict human cancer risk were made by Ehrenberg and 
Osterman-Golkar (1980). Using ethylene oxide as a model xenobiotic, 
these investigators explored the use of macromolecular reaction products 
(i,e„ hemoglobin adducts) as internal dosimeters. By employing hemoglo¬ 
bin adduction data, they predicted the level of ambient ethylene oxide 
that would correspond to a tumorigcnic dose of y-radiation, which they 
termed the "rad-equivalent dose." Seminal work in the area of biomarkers 
as applied to the molecular epidemiology of cancer was performed by 
Perera and Weinstein (1982), who proposed the use of such techniques to 
identify environmental contributors to human cancer incidence. Impor- | 

taut early applications of liiomarkers to characterize environmental and 1 
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ocLupdIiulidl oxposuie have also been exploied by severdl other yruups 
in the United States and abroad. 

As presented in the original NRC report, biomarkers of interna! dose 
reflect the absorbed fraction of a xenobiotic, that is, the amount of material 
that has successfully crossed physiological barriers to enter the organism. 
Consequently, the magnitude of the biomarker accounts for bioavaiiability 
and is influenced by numerous parameters such as route of exposure, 
physiological characteristics of the receptor, and chemical characteristics 
of the xenobiolic. Generally, simple measurement of xenobiotic levels in 
biological media (blood, tissue, urine) can provide data on internal dose, 
and this is called biomonitoring (Ashley et ah, 1994, 1996; Lynch, 1994). 
Biomarkers, on the other hand, reflect interna! dose (in terms of proximity 
to downstream events in the sequence) and could include the measure¬ 
ment of a metabolite in selected biological media, particularly if such 
metabolite is active or critical to the toxic effects seen (DeCaprio, 1997). 

Very useful exposure biomarkers for reactive xenobiotics or their acti¬ 
vated (i.e., eiecliopliilic) metabolites aie itidciamuieculat leactiun prod¬ 
ucts. Substantial research effort has been devoted to the use of protein 
and DNA adducts as molecular dosimeters. Ehrenberg and co-workers 
first proposed using hemoglobin (Hb) adducts to monitor the internal dose 
of alkenes and epoxides such as ethylene oxide over two decades ago 
(Ehrenberg & Osterman-Colkar, 1980). This methodology has since evolved 
into a widely-used and highly sensitive technique for quantitating N- 
terminal Hb adducts of a variety of xenobiotic metabolites in human blood. 

Hb adducts have been employed as internal exposure biomarkers for aro¬ 
matic amines, nitrosamines, polycyclic aromatic hydrocarbons (PAHs), and 
other compounds (DeCaprio, 1997). 

Protein and DNA adducts can be considered as biomarkers of either 
internal or biologically effective dose (BED), depending upon how close 
their relationship is to actual disease occurrence. The NRC report defined 
BED as dose at (he site of action, dose at the receptor site, or dose to target 
macromolecules (National Research Council, 1987). This definition is trou¬ 
blesome since, strictly speaking, complete characterization of molecular 
site and mechanism of action for a given xenobiotic would be necessary in 
order to assign a particular measured end point as a marker of biologically 
effective dose. For example, protein adducts cannot be considered as effec¬ 
tive dose biomarkers for carcinogens, since they do not satisfy these crite¬ 
ria. Ambiguity exists even for DNA adducts, since in no reported instance 
has xenobiotic-induced adduction of a specific base within a particular 
DNA sequence in a target cell type been unequivocally linked to a specific 
clinical outcome in people (DeCaprio, 1997). Despite these uncertainties, 
adducts in total lymphocyte DNA are considered as appropriate BED bio- 
markers for carcinogens, based upon the postulated mechanism of chemi¬ 
cal carcinogenesis and limited experimental data indicating correlations i, 
between DNA adducts in lymphocytes and target tissues (DeCaprio, 1997). i 
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Ideally, a biomarker should be biologically relevant, sensitive, and 
specific (I.e., valid). In addition, it should be readily accessible, inexpen¬ 
sive, and technically feasible. This combination of requirements is rarely 
achieved, and some trade-off is inevitable in order to obtain useful bio¬ 
marker data in a timely manner. A few promising examples are presented 
in Table 17. The validation process for a biomarker involves determining 
the relationship between the biological parameter measured and both up¬ 
stream and downstream events in the continuum, that is, the dose-response 
curve must be characterized (DeCaprio, 1997). For example, an Hb adduct 
considered for use as an exposure biomarker for a xenobiotic should exhib¬ 
it a predictable relationship to ambient exposure level. In addition, if 
used as a surrogate for DNA adduction, then a reproducible correlation 
between Hb and DNA adducts must be demonstrated. Biological rele¬ 
vance refers to the nature of the phenomenon being measured and its 
mechanistic involvement in the pathway from exposure to disease. For 
biomarkers of exposure, disease relevance is not as critical a requirement 
as is a predictable exposure-response relationship; the opposite is true for 
biomarkers of effect (DeCaprio, 1997). 

(here are a few terms that are used when discussing biomarkers that 
help define their usefulness. Sensitivity, for example, reflects the ambient 
exposure level that can be detected by means of the biomarker. Highly 
sensitive markers are necessary to quantitate the low ambient levels typical 
of environmental exposures in industrialized Western nations. Specificity is 
the probability that the biomarker is indicative of actual exposure to the 
specific xenobiotic that it is designed to delect. For example, certain 


TABIE 17. Diomafkm Examined for Selected Occupational and Environmental Chemicals 




Biomdrkcr 


Chemitiil 

Exposure 

Effect 

Susceptibility 

PAH 

DMA adducts' 

Hb adducU 

SA Adducts 

Urinary 1-HP' 

Sister chiomattd exchange {SCE) 
SCE (highdrcquuncy cells) 

hpn mutation 
gpa mutation 

fes oncogerie activation 
/as p21 level 

PNA single-sirand breaks 
Chrornosomal abeiratlons 
Micronuclei 

GST-M1 

NAT-2 

CYPlAl 

CYP1A2 

l,3-8uladicne 

Hb adducts' 

Sister dirotnalid exchange (SCE) 
Urinary metabolites 

hpri mutation 

Chromosomal abcrraiions 

Micronudei 

ras oncogene activation 


Acrylamide 

Hb adducts' 

Urinary metabolites 




Note- From DeCaprio (1997}. 

•'Biomarkers for which Cumulative dala indie Ate hfsl correlalii^i with ambieni exposure. 
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iiiacromolecular adducts can be derived from exposure to a number of 
chemical species and are thus less specific than one unique to a single 
compound. 8iomarkers must also be reasonably accessible. Thus, with 
the exception of occasional tissue biopsies, samples for use in exposure 
biornarker studies generally consist of blood, urine, milk, or other readily 
obtainable biological media. Since these are rarely target tissues for toxi¬ 
cological or carcinogenic effects, how the concentration relates to the 
incidence of disease must be inferred. Finally, cost and technical feasibil¬ 
ity are important considerations in selection of appropriate biomarkers for 
applied studies (DeCaprio, 1997). 

Statistical and Analytical issues 

Despite the use of precise and reproducible analytical methods, we 
often do not have enough data of chemical concentrations to estimate 
exposure with great certainty. Due to resource availability, over the past 
15-20 yr it has often been the case that a single round of analytical 
results or samples collected for other purposes (Graham et al., 1988) 
serves as input and the surrogate for long-term or lifetime exposure. As 
noted previously, chemical concentrations vary over both time and space, 
which makes the task of dose estimation all the more difficult (Morgan et 
al., 1997). For instance, to use the (estimated) average dose to predict the 
typical lifetime dose may seriously overestimate or underestimate (he 
actual dose. Additionally, the average dose may be less important in the 
biological scheme of things than peak exposures or exposures at specific 
times (i.e., developmental effects), and ought to be considered as such in 
the evaluation of exposure (Andersen et ai., 1987). Techniques do exist for 
estimating long-term exposure from short-term data (Slob, 1996; Buck et 
al., 1995, 1997), but the reliability of these estimates is uncertain. Similarly, 
various mathematical or bench-scale models exist that have been used to 
estimate exposure in the absence of measurements or long-term monitoring 
data (Slanek et al., 1998). As has been noted on several occasions, "all 
models are wrong, but some are useful," and risk assessors should carefully 
evaluate mesoscale and microscale models, as well as model outputs, for 
relevance and accuracy. Often, field measurements can serve as useful and 
relatively inexpensive "reality checks" on model results. 

Equally important in exposure assessment are the statistics used to 
analyze field data. Environmental data are most often lognormally distrib¬ 
uted. Under such conditions, a geometric average is generally assumed to 
be a better measure of the central tendency of data than the arithmetic 
mean (Crump, 1998). Despite this, the arithmetic mean (and the 95% 
upper confidence limit of the arithmetic mean) is typically used to iden¬ 
tify environmental concentrations for use in exposure assessment. Since 
the advances in analytical chemistry have improved our ability lo mea¬ 
sure trace amounts of chemicals in different media and identify potential 
sources In some situations, less reliance should be placed on the use of 
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mathematical models to predict the distribution of chemical and physical 
agents in the environment, and actual field data should be collected. 

Another important issue in exposure assessment is how the analytical 
limit of detection (LOD) is handled in calculations. An agent reported as a 
nondetect may be treated as a numerical zero, or occurring at the LOD or 
some faction of the LOD, typically one-half, for purposes of calculating 
statistics. The manner in which censured data are assessed may affect the 
outcome of the risk assessment process (Horwitz, 1984; Helsel, 1990; 
Perkins el al., 1990; Travis & Land, 1990; Gilbert, 1987; Haas & Scheff, 
1990; Rappaport & Selvin, 1987; Parkin et al., 1988). For instance, analysis 
of highly contaminated samples or samples containing interfering sub¬ 
stances may result in high LODs. Under such conditions and in the ab¬ 
sence of additional analysis, assuming that nondelecls are present at one- 
half the LOD could result in the exposure assessment and subsequent risk 
assessment being driven by compounds that are not truly present in the 
environmental media. When such an approach is used on a site that may 
be only 2 to 10% contaminated (based on surface area), the predicted 
severity of the level of contamination will be much higher than what actu¬ 
ally occurs (Crump, 1998). 

The practical result of these decisions can be illustrated by considering 
the following 11 data points resulting from analysis of field samples: Non¬ 
detect (ND), ND, ND, ND, ND, 5, 6, 6, 8, 55, and 500 ppm. The results are 
lognormally distributed as expected. The detection limit is 0.05 ppm, and 
nondetects are assumed to be present at one-half the detection limit (0.025 
ppm). Using these assumptions, the arithmetic mean of the data set is 52.7 
ppm, while the geometric mean is 1.3 ppm. The practical consequence of 
choosing one descriptor over the other may be to mischaracterize the dose 
and ultimately the risk, and this could influence regulatory decisions in¬ 
volving remediation or regulation. 

CLOSING THOUGHTS 

The field of exposure assessment has evolved significantly aver the 
past 20 yr. We have learned a great deal about where people are exposed 
to xenobiotics and the relative degree of exposure. Not that long ago, most 
of our concerns were about industrial chemicals in our water, ambient air, 
and the soil. Today, we know that indoor exposure to particles, vapors, 
and gases (influenced by smoking) often represents the predominant source 
of exposure for most persons. A greater portion of our work in the future 
will undoubtedly focus on better understanding of both occupational and 
indoor exposure, rather than environmental exposures. 

It is my personal view that of the four portions of a risk assessment, 
exposure assessment has made the biggest improvement in quality over 
the 20-yr history of health risk assessment. Often, exposure assessments 
will contain less uncertainty than other steps in a risk assessment, espe- 
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cidily the dose-response portion. Admittedly, there are a large numiier of 
factors to consider when estimating exposure, and it is a complicated pro¬ 
cedure to understand the transport and distribution of a chemical that has 
been released into the environment. Nonetheless, the available data indi¬ 
cate that scientists can do an adequate job of quaniifying the concentra¬ 
tion of the chemicals in the various media and the resulting uptake by ex¬ 
posed persons if they account for all the factors that should be considered. 

There are at least 11 significant lessons we have learned about con¬ 
ducting exposure assessments in recent years. Had we not had to learn 
through experience, avoiding these lessons could potentially have saved 
the United States hundreds of millions of dollars and thousands of per¬ 
son-years of work. First, experience has shown that in our attempts to be 
prudent, we placed too much emphasis on the "so-called" maximally ex¬ 
posed individual (MEI) (Nichols & Zeckhauser, 1988; Finley & Paustenbach, 
1994). Often, the results of those analyses were misinterpreted by the pub¬ 
lic and/or misrepresented by some scientists or lawyers. Often, as a result, 
poor decisions were made by risk decision makers. 

Second, as we have learned how to accurately characterize the risks 
of exposure for about 95% of the population, more emphasis has been 
placed on evaluating the various special groups (e.g., Eskimos, subsis¬ 
tence fishermen, dairy farmers). Altnough the risk for these populations, 
who can be exposed to particularly high doses (the 95-99.99% group), 
needs to be understood, the typical levels of exposure for the majority of 
the population should be the initial focus of the assessment. Perhaps the 
most significant change in exposure asessmeni of the past three years has 
been the national interest in characterizing the risks to children. 

The third lesson is a variation of the second: Do not allow the repeated 
use of conservative assumptions to dictate the results of the assessment. 
In recent years, many investigators have addressed this issue and have 
demonstrated its importance. Monte Carlo techniques can generally be 
successful in addressing this problem. 

Fourth, we have learned that risk managers and the public want to 
understand the statistical confidence in our estimates of risk. Sensitivity 
analyses can yield important infonrraiiuii about tiie critical exposure vari¬ 
ables (Rappaport & Selvin, 1987; Gilbert, 1987; Haas & Scheff, 1990; 
Travis & Land, 1990). Further, most risk assessments can benefit from analy¬ 
ses of both variability and uncertainty. Without these, risk managers are 
not fully informed. 

Fifth, we have improved our techniques for statistically handling data; 
and particularly samples that have no detectable amount of a contami¬ 
nant. In the past, regulatory agencies have used the limit of detection 
(LOD) of the analysis or one-half the LOD in the exposure calculations 
relying on the premise that the contaminant might be present at that level. 
We learned that when such an approach is used (without reflection) on a 
site that may only be 2-10‘K, contaminated (based on surface area), the 
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impact of a few samples on the results could lead us to improper conclu¬ 
sions about the actual level of risk to persons who live there or nearby. 

Sixth, we have gained a significant degree of confidence in our ability to 
estimate historical exposures; so called dose-reconstruction or retrospective 
risk assessments, a term that this author coined in 1983. Over the past ten 
years, for use in epidemiology studies, the likely exposure of workers and/or 
those in the community nearly forty to fifty years ago have Ijeert estimated 
using chemica! usage and emission data, measured data and models 
(Ripple, 1992; Raustenbach el al., 1992c; Stewart & Herrick, 1991; Smith et 
al., 1993; Hallock el al., 1994; Widner, 2000). 

Seventh, we now understand the need to quantitatively account for in¬ 
direct pathways of exposure. For example, the uptake of a contaminant in 
water by humans due to ingestion is obvious (and direct), but the uptake of 
the same conlaminant by garden vegetables due to watering and the uptake 
via the inhalation of volatile contaminants from the water while shower¬ 
ing are indirect pathways that had not always been evaluated in assess¬ 
ments. Perhaps the most important indirect route of exposure, which had 
not been considered before 1986 when regulating airborne nonvolatile 
chemicals, was the ingestion of particulate emissions that has deposited 
onto soil and plants and were subsequently eaten by grazing animals (Fries 
& Paustenbach, 1990; U.S. EPA, 1997d). Much additional research in this 
area will be conducted, and the results will probably change our views 
about (he hazards posed by numerous chemicals. 

Eighth, we have learned that children and their exposure patterns are 
unlike those of adults. As some have said, in more ways than one, chil¬ 
dren arc not miniature adults! Their intake of certain foods, percentage of 
time spent outdoors, proximity to carpets, and inhalation rates per body 
weight are all different than adults. 

The ninth lesson learned is to use biological monitoring to validate or 
confirm the predicted degree of human exposure. Over the past 5 to 10 yr, 
analytical chemists have increased their ability to delect verv small quan¬ 
tities of dozens of chemicals in blood, urine, hair, feces, breath, and fat. For 
many diemicals, these data represent a direct indicator of recent exposure, 
and in some cases (like PCBs and dioxins), chronic exposure. Validation of 
our exposure assessments should be one of the major areas of study during 
the next decade (through both biomonitoring and molecular epidemiology). 

Tenth, it has become clear that in most cases, the most significant 
risks due to exposure to chemicals occurs in the workplace. Even though 
great strides have been made in industrial hygiene over the past 50 yr, the 
doses to which persons can legally be exposed are much greater (often by 
a factor of 100) than those to which most persons not in the community 
will ever be exposed. 

Eleventh, and perhaps most important, we have learned that (for most 
persons) exposures to chemicals and bacteria in the home pose a greater 
risk than to those in the ambient air or through the ingestion of water. Many 
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fine Sludies conducted in the 1970s through (he current day continue to 
show that in-home exposures to most chemicals are often about 2-20 
times greater than that present in the ambient environment (Cessell & 
Prichard, 1980; Jenkins et ah, 1992; Daisey et al., 1994; Krieger et af., 
1992; Lioy et al., 1988, 1990; Wallace, 2000b; Ott & Roberts, 1998). 
Recently, more than 200 scientists in the fields of epidemiology, exposure 
assessment, and medicine signed a document called a "consensus state¬ 
ment," which states that future research should focus on personal moni¬ 
toring; especially of the indoor environment (Editor, 2000). 

We have come a long way in a short time. Several professional societies, 
including the International Society of Exposure Analysis (ISEA), Society for 
Risk Analysis (SRA), American Industrial Hygiene Association (AIHA), Air 
and Waste Management Association (AWMA), American Chemical Society 
(ACS), Society of Toxicology (SOT), International Society for Regulatory 
Toxicology and Pharmacology (ISRTP), and oiliers, have placed an empha¬ 
sis on improving the practice of exposure assessment. All indications are 
that the information we have gained has significantly Improved the quality 
of recent risk assessments, and it can be expected that due to better expo¬ 
sure assessments, future decisions by risk managers will be much better 
informed. 

GLOSSARY OF TERMS 

Most of these definitions were presented in the U.S. EPA txposure 
Assessment Guidelines. 

50lh Percentile—The number in a distribution such that half the values in 
the distribution are greater than the number and half the values are 
less. The SOlh percentile is equivalent to the median. 

95th Percentile—The number in a distribution such that 95% of the values in 
the distribution are less than or equal to the nutnber and 5% are greater. 
95% Upper confidence limit for mean—The 95% upper confidence limit 
(95% UCL) for a mean is defined as a value that, when repeatedly cal¬ 
culated for randomly drawn subsets of size n, equals or exceeds (he 
true population mean 95% of the time. Although the 95% UCL pro¬ 
vides a conservative estimate of the mean, it should not be confused 
with a 95th percentile. As sample size increases, the difference be¬ 
tween the UCL for the mean and the true mean decreases, while the 
95tll percentile of the distribution remains relatively unchanged, at the 
upper end of the distribution. The U.S. EPA Superfund program has tra¬ 
ditionally used the 95% UCL for the mean as the concentration term in 
point estimates of RME for human health risk assessment. 

Absorption barrier—Any of the exchange barriers of the body that allow dif¬ 
ferential diffusion of various substances across a bouridary. Examples of 
absorption barriers are the skin, lung tissue, and gastrointestinal tract- 
wall. 
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Administered dose—The amount of a substance given to a test subject 
(human or animal) in determining dose-response relationships, espe¬ 
cially through ingestion or inhalation. In exposure assessment, since 
exposure to chemicals is usually inadvertent, this quantify is called 
potential dose. 

Aggregate risk—The likelihood of the occurrence of an adverse health 
effect resulting from all routes of exposure to a single substance. 

Ambient measurement—A measurement (usually of the concentration of a 
chemical or pollutant) taken in an ambient medium, normally with the 
intent of (elating the measured value to the exposure of an organism 
that contacts that medium. 

Applied dose—The amount of a substance in contact with the primary 
absorption boundaries of an organism (e.g., skin, lung, gastrointestinal 
tract) and available for absorption. 

Arithmetic mean—The sum of all the measurements in a data set divided 
by the number of measurements in the data set. 

Background exposure—Exposures that are not related to the site, for ex¬ 
ample, exposure to chemicals at a different time or from locations 
other than the exposure unit of concern. Background sources may be 
either naturally occurring or anthropogenic (man-made). 

Background level (environmental)—The concentration of substance in a 
defined contra! area during a fixed period of time before, during, or 
after a data-gaihering operation. 

Bioavailability—The state of being capable of being absorbed and avail¬ 
able to interact with the metabolic processes of an organism. Bioavail¬ 
ability is typically a function of chemical properties, physical state of 
the materia! to which an organism is exposed, and the ability of the 
individual organism to physiologically take up the chemical. 

Biologically effective dose—The amount of a deposited or absorbed chemi¬ 
cal that reaches the cells or target site where an adverse effect occurs, 
or where that chemical interacts with a membrane surface. 

Body burden—The amount of a particular chemical stored in the body at a 
particular lime. Body burdens can be the result of long-term or short¬ 
term storage (for example, the amount of a metal in bone, the amount 
of a lipophilic substance such as PCB in adipose tissue, or the amount 
of caroon monoxide (as carboxyhemoglobin) in (he blood|. 

Bootstrap—A method of sampling actual data at random, with replace¬ 
ment, to derive an estimate of a population parameter such as the 
arithmetic mean or the standard error of the mean. The sample size of 
each bootstrap sample is equal to the sample size of the original data 
set. Both parametric and nonparametric bootstrap methods have been 
developed. 

Bounding estimate—An estimate of exposure, dose, or risk that is higher 
than that incurred by the person in the population with the highest 
exposure, dose, or risk. Bounding estimates are useful in developing 
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sldEemenls llidl exposuies, doses, oi lisks are "nol giealei Ilian" the 
estimated value. 

Central tendency exposure (CTE)—A risk descriptor representing the aver¬ 
age or typical individual in the population, usually considered to be 
the arithmetic mean or median of the risk distribution. 

Cumulative distribution function (CDF)—A representation, generally a func¬ 
tion or graph, of the cumulative probability of occurrence for a random 
independent variable. The CDF is obtained from the PDF by integration 
in the case of a continuous random variable and by summation for dis¬ 
crete random variables. Each value c of the function is the probability 
that a random observation x will be less than or equal to c. 

Cumulative risk—The likelihood of an occurrence of an adverse health 
effect resulting from all routes of exposure to a group of substances 
sharing a common mechanism of toxicity. 

Dose—The amount of a substance available for interaction with metabolic 
rocesses or biologically significant receptors after crossing the outer 
oundary of an organism. The potenlial dose is the amount ingested, 
inhaled, or applied to the skin. The applied dose is the amount of a 
substance presented to an absorption barrier and available for absorp¬ 
tion (although not necessarily having yet crossed the outer boundary 
of the organism). The absorbed dose is the amount crossing a specific 
absorption barrier (e.g., the exchange boundaries of skin, lung, and 
digestive tract) through uptake processes. Internal dose is a more gen¬ 
eral term denoting the amount absorbed without respect to specific 
absorption barriers or exchange boundaries. The amount of the chem¬ 
ical available for interaction by any particular organ or cell is termed 
the delivered dose for that organ or cell. 

Dose rate—Dose per unit time, for example in mg/d, sometimes also called 
dosage. Dose rates are often expressed on a per unit body weight basis, 
yielding units such as mg/kg/d (mg/kg-d). They are also often expressed 
as averages over some time period, such as a lifetime. 

Dose reconstruction—An approach to quantifying exposure which has 
occurred in (he past. One approach relies upon internal dose, which is 
in turn lecunstructed after exposuie has occuiiehJ, from evidence within 
an organism such as chemical levels in tissues or fluids, or from evi¬ 
dence of other biomarkers of exposure. An alternative approach is 
to estimate the likely absorbed close using historical exposure data, 
models, assumptions, and field data. 

Dosimetry—Process of measuring or estimating dose. 

Empirical distribution—A distribution obtained from actual data and pos¬ 
sibly smoothed with interpolation techniques. Data are not fitted to a 
particular parametric distribution (e.g., normal, lognormal), but are 
described by the percentile values. 

Environmental fate—The destiny of a chemical or biological pollutant after 
release into the environment. Environmental fate involves temporal 


and spatial considerations of transport, transfer, storage, and transfor¬ 
mation. 

Exposure—Contact of a chemical, physical, or biological agent with the 
outer boundary of an organism. Exposure is quantified as the concen¬ 
tration of the agent in the medium in contact integrated over the time 
duration of that contact. 

Exposure assessment—The qualitative or quantitative estimate (or measure¬ 
ment) of the magnitude, frequency, duration, and route of exposure. A 
process that integrates information on chemical fate and transport, envi¬ 
ronmental measurements, human behavior, and human physiology to 
estimate the average doses of chemicals received by individual recep¬ 
tors. For simplicity in this guidance, exposure encompasses concepts of 
absorbed dose (i.e., uptake and bioavaiJabiltiy). 

Exposure concentration—The concentration of a chemical in its transport 
or carrier medium at the point of contact. 

Exposure pathway—The physical course a chemical or pollutant takes 
from the source to the organism exposed. 

Exposuie point concentration (EPC)—The contaminant concentration w'ithin 
an exposure unit to which receptors (people) are exposed. Estimates 
of the EPC represent the concentration term used in exposure assess¬ 
ment. 

Exposure route—The way a chemical or pollutant enters an organism (e.g., 
by ingestion, inhalation, or dermal absorption). 

Exposure scenario—A set of facts, assumptions, and inferences about 
how exposure takes place that aids the exposure assessor in evaluat¬ 
ing, estimating, or quantifying exposures. 

Frequency distribuiion—A graph or plot that shows the number of obser¬ 
vations that occur within a given interval; usually presented as a his¬ 
togram showing the relative probabilities for each value. It conveys 
the range of values and the count tor proportion of the sample) that 
was observed across that range. 

Geometric mean—The nth root of the product of n values. 

High-end exposure (dose) estimate—A plausible estimate of individual 
exposure or dose for those persons at the upper end of an exposure or 
dose distribution, conceptually above the 90th percentile, but not higher 
than the individual in the population who has the highest exposure or 
dose. 

High-end risk descriptor—A plausible estimate of individual risk for those 
persons at the upper end of the risk distribution, conceptually above the 
90th percentile but no higher than the individual in the population with 
the highest risk. Note that persons in Ihe high end of the risk distribu¬ 
tion have high risk due to high exposure, high susceptibility, or other 
reasons; therefore, persons In Ihe high end of the exposure or dose 
distribution are not necessarily Ihe same individuals as those in the 
high end of the risk distribution. 
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Intake—The process by which a substance crosses the outer boundary of 
an organism without passing an absorption barrier (e.g., through in¬ 
gestion or inhalation). See also potential dose. 

Internal dose—The amount of a substance penetrating across the absorp¬ 
tion barriers (the exchange boundaries of an organism) via physical or 
biological processes. 

Kriging—A statistical interpolation method that selects the best linear un 
biased estinaate of the parameter in question. Often used as a geo- 
statistical method of spatial statistics for predicting values at unobserved 
locations based on data from the surrounding area. Information on fate 
and transport of chemicals within the area lacking data can be incorpo¬ 
rated into kriged estimates. 

Latin hypercube samplirtg (LH5)—A variant of the Monte Carlo sampling 
method that ensures selection of equal numbers of values from all 
segments of the distribution. LHS divides the distribution into regions 
of equal sampling coverage. Hence, the values obtained will be 
forced to cover the entire distribution. It is more efficient than simple 
random sampling, that is, it requires fewer iterations to generate the 
distribution sufficiently. 

Limit of quantification (LOQ)—The concentration of analyte in a specific 
matrix for which the probability of producing analytical values above 
the method detection limit is 99%. 

Maximally exposed individual [MED—The single individual with the high¬ 
est exposure in a given population (also, most exposed individual). 
This term has historically been defined in various ways, including as 
defined here and also synonymously with worst case or bounding 
estimate. Assessors are cautioned to look for contextual definitions 
when encountering this term in the literature. 

Median value—The value in a measurement data set such that half the 
measured values are greater and half are less. 

Microenvironments—Well-defined surroundings such as the home, office, 
automobile, kitchen, store, etc. that can be treated as homogeneous (or 
well characterized) in the concentrations of a chemical or other agent. 

Microexposure event (MEE) analysis—A methcxi of assessing risk based on 
an aggrerate sum of a receptor's contact with a contaminated medium. 
MEE analysis simulates lifetime exposure as the sum of many short-term, 
or "micro," exposures. MEE approaches can be used to explore un¬ 
certainty associated with the model time step in probabilistic risk assess¬ 
ment (e.g., use of a single value to represent a long-term average phe¬ 
nomenon, seasonal patterns in exposure, or intraindividual variability). 

Monte Carlo technique—A repeated random sampling from the distribution 
of values for each of the parameters in a generic (exposure or dose) 
equation to derive an estimate of the distribution of (exposures or 
doses in) the population. 
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Nonparametric statistical methods—Methods that do not assume func¬ 
tional form with identifiable parameters for the statistical distribution 
of interest (distribution-free methods). 

Personal measurement—A measurement collected from an individual's 
immediate environmental using active or passive devices to collect the 
samples. 

Pharmacokinetics—The study of the time course of absorption, distribu¬ 
tion, metabolism, and excretion of a foreign substance (e.g., a drug or 
pollutant) in an organism's body. 

Point estimate—A quantity calculated from values in a sample to repre¬ 
sent an unknown population parameter. Point estimates typically rep¬ 
resent a descriptive statistic (e.g., arithmetic mean, 95th percentile). 

Point estimate risk assessment—The traditional risk assessment methodology 
in which a single estimate of risk is calculated from a set of point esti¬ 
mates. The results provide point estimates of risk for the central tendency 
exposure (CTE) and reasonable maximum exposure (RME| exposed 
individuals. Variability and uncertainly are discussed in a qualitative 
manner. 

Point-of-control measurement of exposure—An approach to quantifying 
exposure by taking measurements of concentration over time at or 
near the point of contact between the chemical and an organism while 
the exposure is taking place. 

Potential dose—^The amount of a chemical contained in material ingested, 
air breathed, or bulk material applied to the skin. 

Precision—A measure of the reproducibility of a measured value under a 
given set of conditions. 

Probabilistic risk assessment (PRA)—A risk assessment that uses proba¬ 
bilistic methods to derive a distribution of risk or hazard based on 
multiple sets of values sampled for random variables. 

Probability density function (PDF)—A representation, generally a func¬ 
tion, graph, or histogram, of the probability of occurrence of an un¬ 
known or variable quantity. The sum of the probabilities for discrete 
random variables, and the integral for continuous random variables 
(i.e., the area under the curve) is equal to 1.0. PDFs can be used to 
display distributions used as input to a probabilistic assessment or the 
distribution of risks that forms the output of the assessment. 

Reasonable maximum exposure (RME)—The highest exposure that is rea¬ 
sonably expected to occur at a site. The intent of the RME is to esti¬ 
mate a conservative exposure case (i.e., well above the average case) 
that is still within the range of possible exposures. 

Reasonable worst case—A semiquantitative term referring to the lower 
portion of the high end of the exposure, dose, or risk distribution. The 
reasonable worst case has historically been loosely defined, including 
synonymously with maximum exposure or worst case, and assessors 
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are cautioned to look for contextual definitions when encountering 
this term in the literature. As a semiquantitative term, it is sometimes 
useful to refer to individual exposures, doses, or risks that, while in 
the high end of the distribution, are not in the extreme tail. For consis¬ 
tency, it should refer to a range that can conceptually be described as 
above the 90th percentile in the distribution, but below about the 
98th percentile (compare maximum exposure range, worst case). 

Remediation action level (RAL)—A concentration such that remediation 
of all concentrations above this level in an exposure unit will result in 
the 95% UCL being reduced to a level that does not pose an unac¬ 
ceptable risk to an individual experiencing random exposures. The 
RAL will depend on the mean, variance, and sample size of the con¬ 
centrations within an exposure unit as well as considerations of short¬ 
term effects of the chemicals of concern. 

Risk characterization—A component of risk assessment that describes the 
nature and magnitude of risk, including uncertainly. In assessments of 
Superfund sites, it includes the summary and interpretation of infor¬ 
mation gathered from previous steps in the site risk assessment (e.g., 
data evaluation, exposure assessment, toxicity assessment), including 
the results of a probabilistic analysis. 

Statistical significance—An inference that the probability is low that the 
observed difference in quantities being measured could be due to 
variability in the data rather than an actual difference in the quantities 
themselves. The inference that an observed difference is statistically 
significant is typically based on a test to reject one hypothesis and 
accept another. 

Uncertainty—Lack of knowledge about specific variables, parameters, 
models, or other factors. Examples include limited data regarding the 
concentration of a contaminant in an environmental medium and lack 
of information on local fish consumption practices. Uncertainty may 
be reduced through further study. 

Variability—True heterogeneity, diversity, or a range that characterizes an 
exposure variable or response (e.g., differences in body weight). 
Further study (e.g., increasing sample size, n) will no( reduce variabil¬ 
ity, but it can provide greater confidence in quantitative characteriza¬ 
tions of variability. 
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